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 Increased interest in site-specific management of irrigated corn in 
Nebraska has identified the need for a decision-making framework for zone delineation. 
Zones based static soil and landscape properties provide a valuable foundation for 
variable rate management strategies.  The purpose of this project was to identify the 
optimal soil and landscape attributes for generating management zones (MZ) of relative 
productivity potential.   
Three producer-managed cornfield across Nebraska with varying soil types, 
topographic characteristics, and climate regimes were identified as research sites during 
the 2010 growing season.  Nine soil and landscape attributes were identified as potential 
properties for estimation of productivity potential.  The attributes were broken into three 
groups; soil properties, spectral wavebands, and landscape attributes.  Correlations 
between independent attributes and grain yields were used for determining the optimal 
soil and landscape attributes for MZ delineation.  Optimum attributes were imported into 
Management Zone Analyst software package (MZA) for zone delineation.      
 Correlations at each research site determined different combinations of soil and 
landscape attributes the most appropriate for delineation of MZ. The attributes used in 
this project were assumed to be static properties. Those properties are only part of 
determining productivity; in-season influences also affect productivity. Evaluation of 
using a single MZ delineation operation for multiple fields proved to be unproductive.  
MZs in different fields that are determined to have equivalent soil and landscape 
properties in MZA do not represent equivalent productivity potential. Although sampling 
density of soil and landscape attributes will determine spatial resolution of management 
zones, the smaller the spatial resolution the greater the precision and accuracy of the 
management zone as it relates to production potential.  Small-scale variability will 
potentially be overlooked when spatial resolution of management zones is increased.  
Results from this project provide farmers a foundation for site-specific management of 
irrigated corn in Nebraska.  Adaptability of in-season management is critical to account 
for climatic irregularity during the growing season. 
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 1
INTRODUCTION 
 
“The nation behaves well if it treats the natural resources as assets which it must turn 
over to the next generation increased, and not impaired, in value.”   
Theodore Roosevelt.  
  
Stewardship of the land is not a new concept although it seems to have taken a 
back seat to production and profitability. The most precious natural resource that the state 
of Nebraska has is the complex system of aquifers that supply residents with 
groundwater. The majority of groundwater in the state of Nebraska is being utilized for 
agricultural irrigation, public water supply, livestock, mining, and aquaculture. In 2005 
the state of Nebraska withdrew an estimated 7.31 billion gallons of groundwater per day 
for the purpose of agricultural irrigation. Groundwater irrigation accounted for 58.0% of 
all water usage in the state. As of December 8th, 2010 the state of Nebraska has 193,326 
registered wells (Nebraska Department of Natural Resources). The ability for commercial 
producers in Nebraska to maintain current production levels depends on their capacity to 
irrigate crops.   
Along with water usage, contamination of surface and groundwater is an ongoing 
concern for both agricultural producers and government regulatory agencies. The USDA 
National Agricultural Statistics Service (NASS) in conjunction with the USDA Economic 
Research Service (ERS) conducted an Agricultural Resources Management Survey 
(ARMS) in 2010. The 2010 ARMS showed an average of 157 kg/ha of nitrogen fertilizer 
(N) is applied annually on production cornfield in the state of Nebraska. That rate has 
remained relatively unchanged over the last five decades (Ferguson, 2010).  
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Nitrogen fertilizer in the form of nitrate N (NO3
- N) is a mobile nutrient due to its 
solubility and low affinity to bond to soil particles. That increases the potential for NO3
- 
to leach into the groundwater or seep into surface water systems. The efficient use of N 
fertilizer is key in minimizing the contamination of groundwater while maintaining 
economically feasible yields for the farmers.  
The United States Environmental Protection Agency (EPA) lists the maximum 
contamination level (MCL) of NO3
- N for drinking water as 10 mg L-1. Community 
drinking water wells with NO3
- N concentration levels above 5 mg L-1 are considered to 
be at a concerning level and are required to be sampled quarterly.  
 From January 1st, 2008 to December 17th, 2009 the Nebraska Department of 
Environmental Quality (NDEQ) in conjunction with local Natural Resource Districts 
(NRDs) collected 7521 water samples across Nebraska. NO3
- N concentrations were 
measured for each collected water sample. Of the 7521 samples 3955 (52.6%) were 
below 5 mg L-1, acceptable levels of NO3
- N concentration. 1523 samples (20.2%) were 
above the mandatory quarterly monitoring concentration of 5 mg L-1 but below the MCL. 
2043 samples (27.2%) of the samples acquired during that time period were at levels that 
exceeded the EPA mandated MCL for NO3
-N. 
Nitrogen use efficiency (NUE) is the grain production per unit of available N in 
the soil. NUE is composed of the efficiency of N uptake from the soil and the conversion 
of N to grain (Moll et al., 1982). Increased NUE, through minimizing N loss due to 
denitrification, leaching, and volatilization will inherently aid in preservation of natural 
resources (Raun and Schepers, 2008). Another major factor in increasing the NUE in a 
field is setting appropriate yield goals. Producers have used soil samples to aid in 
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establishing yearly N recommendations. Soil nitrate and soil organic matter 
measurements along with knowledge of NO3
- N levels in irrigation water and possible N 
credits from previous legume crops are all important variables in calculating N 
requirement for a crop. The yield goal of the farmer is independent of the soil N results in 
the calculation of N recommendations. Due to the high N requirement for corn cropping 
systems substantial N losses to the environment and low NUE can occur when N 
recommendations are based on unattainable yield goals.  
Management on an agricultural field can be defined by spatial scale at which the 
producer controls inputs into the field. Conventional farming practices have been to 
manage using an average of the required inputs across an entire field. Producers 
inherently knew the approximate productivity based on previous experiences within each 
specific field. Management practices would be tailored around the producer’s yield goals 
for each field. Many management practices where adapted to provide adequate N 
amounts to maximize grain yield across the entire field. That strategy resulted in excess 
N being applied to areas of the field with lower yield potentials, and consequently NO3
- N 
leached into the groundwater or converted to nitrous oxide through denitrification.  
As the availability and use of global positioning systems (GPS) and yield 
monitoring equipment increased, producers had the ability to measure yield spatially 
within a production field. That allowed for identifying some estimate of the variability 
within a field on a given year and across multiple years. Existing commercially available 
equipment provides farmers the capability of controlling variable amounts fertilizer, 
irrigation, herbicide, and seeding rate spatially across a field. Collection of geo-
referenced data opened the door to site-specific management where farmers could modify 
 4
their management strategies in certain areas within a single field. Identifying and 
interpreting important soil and landscape characteristics for determining variable rate 
applications (VRA) has yet to be conclusively determined (Kitchen et al. 2003).      
One option for increasing NUE is to identify semi-homogeneous areas of a field 
or management zones and establish specific management strategies for each zone. 
Adjusting management strategies based only on the yield potential of zones within a field 
has the potential to increase NUE along with reductions of N inputs and environmental 
impacts. Year-to-year climatic variations can mask the true variability within a field 
when only yield maps are used. Corwin and Lesch (2005a) wrote that the major 
influences in the spatial variation of crops can be identified as biological (e.g., pests, 
earthworms, micro-organisms), edaphic (e.g., soil organic matter, bulk density, nutrients, 
salinity, texture), topographic (e.g., slope, elevation, aspect, curvature), climatic (e.g., 
relative humidity, temperature, rainfall, wind speed, solar radiation), and anthropogenic 
(e.g. tillage practices, soil compaction from equipment, irrigation practices, windbreaks). 
As with much other technological advancement, it was much simpler to identify 
the field-scale spatial variability then to determine its cause. Spatial variability in crops is 
influenced by a multitude of factors. The challenge of creating management zones in a 
field is determining which soil properties and landscape features have the most impact on 
yield and which of those factors can be managed by the producer. An aspect of precision 
agriculture that is of critical importance is the mitigation of detrimental environmental 
impacts through site-specific management practices. The ability to assess or predict the 
spatial distribution and fate of a non-point source (NPS) pollutant (e.g., salinity, 
fertilizers, pesticides, and trace elements) in real-time is a key concern in maintaining the 
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delicate balance between crop productivity and the detrimental environmental impacts of 
NPS pollutants (Corwin et al., 1999).  
There has been an array of methods used to classify production fields into 
management zones. Each method aims at dissecting a field into similar zones to allow the 
producer to manage sections of the field differently to maximize productivity while 
reducing input costs. Productivity zones are zones of similar yield and are of use to a 
producer to make management decisions based upon reliable estimates of expected yield 
(Kitchen et al. 2005; Jaynes et al. 2005).  
 
Apparent soil electrical conductivity (ECa) has become one of the most reliable 
and frequently used measurements to characterize field variability for application to 
precision agriculture due to its ease of measurement and reliability (Rhoades et al., 
1999a, 1999b; Corwin and Lesch, 2003). Soil ECa is a combination of electrical 
conductance in soil across 3 separate pathways within the soil profile. The 3 phases 
include liquid phase, solid-liquid phase, and solid phase. Soil ECa is influenced by 
several soil physical and chemical properties: (1) soil salinity, (2) saturation percentage, 
(3) water content, and (4) bulk density (Corwin et al., 2005b).  
Due to the number of influences on soil ECa it is impossible to directly relate 
measurements to any singular soil property. Soil ECa measurements can obtain detailed 
spatial information about soil-related and anthropogenic properties influencing crop yield 
and spatial crop patterns (Corwin and Lesch, 2005). What soil ECa shows is a relative 
variability between soils within a field. This allows for spatial measurements of ECa to be 
used as an indicator of yield potential across a field.  
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The Soil Science Society of America defines soil organic matter (SOM) as the 
organic fraction of soil after removing un-decayed plant and animal residues. Increased 
SOM has been shown to reduce bulk density and nutrient leaching through the soil. Soil 
organic matter benefits the overall productivity of a field by increasing the soil’s nutrient 
and water holding capacity along with improving structure. This benefits the landowner 
by reducing erosion and reducing the impacts of drought. SOM increases the microbial 
diversity and activity in the soil, which improve mineralization rates allowing for 
increased available N in the soil. Because of SOM relationship to both bulk density and 
water holding capacity there is the potential to estimate SOM using soil ECa readings in 
conjunction with directed soil sampling.  
Landscape position and topographic features are also readily available or easily 
obtained. Several studies using landscape position and topographic features have shown 
productivity levels associated with water availability (Jones et al., 1989; Mulla et al., 
1992; Jaynes et al., 1995; Sudduth et al., 1997). An area of the field’s landscape position 
and topographic features will influence its soil water holding capacity, depth of topsoil, 
SOM, and susceptibility to denitrification. In-season precipitation has primarily a positive 
influence on crop productivity, although in areas of the field that have a propensity to 
pool water productivity will be reduced. Terrain and soil properties are often highly 
correlated with each other because of the process of soil development, erosion, and 
sedimentation (Moore et al., 1993). 
Areas of the field with higher slopes and concave curvatures have shown during 
years of below normal precipitation to have reduced productivity compared to lower 
slopes with convex curvatures due to less available water in the soil profile. In general, 
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footslope positions tend to out produce upslope positions, except in areas of poor 
drainage (Jones et al., 1989; Mulla et al., 1992; Jaynes et al., 1995; Sudduth et al., 1997). 
Reduced productivity in these field areas is normally a factor of these high-sloped 
concave curvature areas regularly containing eroded soils with shallow depth of topsoil 
and low infiltration rates. In years of above-average precipitation the field areas that have 
the potential to pool water and are lower on the landscape with low slope and convex 
curvature will have reduced yields due to increased denitrification and anaerobic soil 
conditions. The productivity of field areas defined by landscape position and slope 
curvature will vary depending on in-season precipitation. This has made developing 
management zones for productivity based on landscape positions and topographic 
features problematic. Although managing for crop productivity is difficult, defining zones 
within a field using landscape positions and slope curvature can be beneficial for 
adjusting N application rates and timing of N application. Zones with the affinity to 
readily lose N early in the growing season may benefit from a more involved N 
management strategy, reducing N application rates and requiring multiple applications. 
There is the potential for a financial benefit in addition to a reduction in N loss to the 
groundwater and atmosphere.  
Using soil sampling to determine the variability of soil properties has been used 
since the late 1800’s. The total number of soil samples to accurately identify the 
variability in a field continues to be debated. The spatial variability of each soil property 
within a field differs due to the differences in nutrient mobility. SOM, unlike NO3-N, 
generally has a low spatial and temporal variability. A map of SOM can be accurate for 
up to 20 years (Francis & Schepers, 1997).  
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As the density of soil sampling is increased the accuracy of estimating the 
variability of soil properties also increases. Determining the minimum sampling density 
that appropriately identifies the variability in a field is critical for the producer to 
maintain the economic viability of VRA. Several researchers have suggested a systematic 
soil sampling method as the optimum technique for spatially identifying soil properties in 
a field. In 1992 a study in Illinois compared the accuracy of two soil-sampling densities 
(1 sample/1.0117 ha & 1 sample/0.2529 ha) at the same location (Franzen & Peck, 1995). 
Results showed the coarse sampling density was not as effective because it did not 
include several areas of the field with low nutrient levels identified in the detailed 
sampling density. The detailed soil sampling density also provided more accurate 
boundaries of nutrient levels.  
Primary limitations of a soil sampling based VRA are economic. Using the 
Illinois 1992 study as an example 64 soil samples would be collected on a 160 acre field 
using the coarse sampling density and 256 soil samples would need to be collected for the 
detailed soil sampling density. Current soil analysis prices are between $10-$15 per 
sample, which equates to a $600 or $3200 investment respectively for the two soil 
sampling densities. This type of investment would be required on a regular basis to 
accurately estimate those soil properties required to create zones for variable 
management of a field.                
Using aerial imagery as an alternative to an intensive soil sampling in delineation 
of management zones has become a viable option as spatial spectral resolution have been 
increased. Soil Surveyors have long known that darker soils generally have a higher 
surface SOM content and have used that knowledge to identify soil classification 
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boundaries. Variations in spectral reflectance from bare-soil imagery can show areas of a 
field with darker soil colors and potentially higher surface SOM. Spectral reflectance of 
soil has proven to be significantly correlated with soil organic matter as well as soil 
moisture content (Hornung et al. 2006). Along with surface SOM soil color is affected by 
soil texture, soil moisture, the roughness of the soil surface, and crop residue.  
The majority of production fields provide a homogeneous system in which 
variations in crop residue and surface roughness, which generally are factors of tillage 
practices, have to be assumed constant. Estimating variations in surface SOM is 
challenging on fields with highly variable soil textures although changes in soil texture 
are not particularly prominent at a field-scale. It has been shown that effective mapping 
of discrete SOM classes can be attained with a 90% reduction in soil sampling if in 
conjunction with high-resolution color imagery and a logarithmic linear regression 
equation (Chen et al., 2000).  
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CHAPTER 1,  
Evaluating multiple Data Layers for Development of In-field 
Management Zones for Relative Productivity of Irrigated Corn in 
Nebraska 
 
 
OBJECTIVES 
The objectives of this study were to (1) identify the soil properties and landscape 
attributes that were significantly correlated with yield in a commercial field, (2) identify 
the most appropriate combination of soil properties and landscape attributes to create 
zones of relative productivity in a commercial cornfield, and (3) evaluate the 
effectiveness of using management zones as a estimator of relative productivity within a 
commercial cornfield. Maximizing the variability between zones while minimizing 
within zone variability identified effective delineation of management zones. 
 
MATERIALS AND METHODS 
 
Research Fields 
Three producer cornfields located across the state of Nebraska were selected 
during the 2010 growing season (BR10, HU10, and BU10). Each field was irrigated 
during the growing season using a sprinkler-irrigation pivot system. Previous year’s crops 
were soybeans in the BR10 field, popcorn in HU10, and corn in BU10. Locations of the 
three sites ranged throughout the state of Nebraska (Fig. 1) covering multiple soil types 
(Table 1), topographic features, and climatic regimes (Table 2). The three fields provided 
a range of topographic features on varying soil types. This allowed for multiple 
interactions between soil properties and landscape properties to influence yields.  
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Fig. 1.  Research site locations 
 
 
Table 1.  Soil descriptions of research sites 
Field Legal   
ID Description Soil Series Soil Classification 
BR10 T.15N.R.6W., Libory loamy fine sand sandy over loamy, mixed, superactive, mesic Oxyaquic Haplustoll, 0-3% slope 
 Sec 29, W ½ Ipage loamy fine sand mixed, mesic Oxyaquic Ustipsamment, 0-3% slope 
  Valentine fine sand mixed, mesic Typic Ustipsamment, 3-9% slope 
  Valentine fine sand mixed, mesic Typic Ustipsamment, 9-24% slope 
HU10 T.10N.R.8W., Hobbs silt loam fine-silty, mixed, superactive, nonacid, mesic Mollic Ustifluvent, 0-1% slope 
 Sec 28, NE ¼ Hastings silt loam fine, smectitic, mesic Udic Argiustoll, 1-3% slope 
  Hastings silt loam fine, smectitic, mesic Udic Argiustoll, 3-7% slope 
  Hastings silt loam fine, smectitic, mesic Udic Argiustoll, 7-11% slope 
BU10 T.12N.R.41W., Bankard loamy sand sandy, mixed, mesic Ustic Torrifluvent, 0-1% slope 
 Sec 11, NE ¼ Bayard very fine sandy 
loam 
coarse-loamy, mixed, superactive, mesic Torriorthentic Haplustoll, 1-3% slope 
  Satanta loam fine-loamy, mixed, superactive, mesic Aridic Argiustoll, 3-6% slope 
  Dix loam sandy-skeletal, mixed, mesic Torriorthentic Haplustoll, 3-9% slope 
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Table 2.  Climatic regimes of three research sites 
  BU10 BR10 HU10 
 Precip. (cm) GDD Precip. (cm) GDD Precip. (cm) GDD 
 Historic ’10 Historic ’10 Historic ’10 Historic ’10 Historic ’10 Historic ’10 
April 4.85 7 208 204 6.4 4.7 239 280 6.3 4.9 214 260 
May 7.62 3.9 349 306 10.5 7.3 427 372 10.13 10.8 398 360 
June 7.42 12.2 526 569 10 18.2 632 634 10.08 22.3 608 670 
July 6.43 7 692 703 8.4 10.4 770 754 8.03 10.4 758 773 
August 4.8 4.3 650 678 6.9 10 731 739 7.59 9.8 712 768 
Sept 3.66 0.5 437 478 7 3.6 506 474 6.48 4.2 481 491 
Total 34.8 34.8 2862 2938 49.2 54.2 3305 3253 48.6 62.4 3171 3322 
 
 
 BR10 was located at the W ½, sec. 29, T.15N., R.6W., and 6th P.M., Merrick 
County, NE. The BR10 field had approximately 13 m of relief and receives an average 
annual rainfall of 49.17 cm. HU10 was located at the NE ¼, sec. 28, T.10N., R.8W., 6th 
P.M., Hamilton County, NE. Approximate relief for the HU10 field was 13.5 m with a 
historic annual rainfall of 48.61 cm. The BU10 field was located at the NE ¼, sec. 11, 
T.12N., R.41W., and 6th P.M., Keith County, NE. The approximate relief for BU10 was 
16.5 m and historically receives 34.78 cm of annual rainfall.  
 
Field Treatments 
To highlight the yield response to varying landscapes and soil properties within a 
field, it was necessary that all management practices were applied consistently across 
each study area. Study areas were established in each research field where management 
practices were homogeneous. The study area at BR10 was 38.49 ha, HU10 was 16.42 ha, 
and BU10 was 13.70 ha. Each site was managed by the producer in accordance with 
recommended agronomic management practices (Table 3). The producers performed all 
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in-season management including irrigation scheduling, fertilizer application, herbicide 
implementation, and any as-needed insecticide applications.  
 
Table 3.  Producer management practices for the three research sites 
 
 
 
DATA COLLECTION 
 
Each research field had identical datasets collected using common methods of 
collection. Data were collected at times that simulated conventional field operations for 
each producer. This was done to identify the possibility of providing usable data that 
could be collected by the farmer during normal field activities. Data were collected along 
transects that mimic each pattern of field operations. All three research sites implemented 
management practices that require a pass through the field every 9.14 m. It was important 
for this project to identify the producer’s patterns for determining the spatial density of 
data collection for zone delineation. Collecting data at a spatial scale identical to the 
farmer allowed for identifying landscape and soil attributes that could be found during 
typical management procedures. Collection of data for zone delineation can be 
accomplished without requiring the farmer to make additional passes through a field for 
data collection. This practice created a point dataset with a non-uniform spatial density. 
Data along each transect through the field provided a 4.5m spatial resolution but a 9.0m 
spatial resolution between transects.  
Field 
ID Tillage 
Previous 
Crop Corn Hybrid 
Plant  
Population 
Row 
Spacing 
Planter 
Width 
Producer 
Field N 
Rate 
    plants ha-1 m m kg ha-1 
BR10 No-tillage Soybean Pioneer P33D47 85,450 0.76 9.1 220 
HU10 No-tillage Popcorn Excel 5995YGVT3 95,350 0.76 9.1 190 
BU10 No-tillage Corn Dekalb DKC5259 90,900 0.76 9.1 210 
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The same equipment was used to acquire measurements in each of the research 
fields. Data were geo-referenced using a real-time kinetic (RTK) global positioning 
system (GPS) providing ~ 1 cm horizontal accuracy and ~ 1.5 cm vertical accuracy. 
Equipment used included two Trimble AgGPS 442 GNSS receivers (Trimble Navigation 
Limited, Sunnyvale, CA, USA), one designated as a rover unit and the other as the base 
station. The two units maintained communication using a 900 MHz frequency radio 
transmission. Both units received GPS signals from satellites and the rover unit then 
received corrections from the base station to provide increased spatial resolution. All data 
were collected in the geographic coordinate system with the World Geodetic (WGS84) 
datum, revised in 2004. All geo-referenced datasets were projected to the Universal 
Transverse Mercator (UTM) zone 14N coordinate system in the WGS84 datum during 
post-processing. 
 
Soil Data 
Spatially referenced soil data layers included apparent soil electrical conductivity 
(ECa) measurements and randomly located soil samples. All data layers were collected 
prior to planting of the 2010 crop.  
Soil ECa readings were collected using a Veris Soil EC 3100 cart (Veris 
Technologies, Salina KS). The Veris 3100 cart used a dual-depth array that provided two 
spatially referenced on-the-go measurements of ECa at 1-second intervals. The Veris 
3100 system provides readings at the approximate depths of 0-0.3m (ECa-sh) and 0-0.91m 
(ECa-dp) in millisiemens per meter (mS/m). This scientific unit allows for conductivity 
measurements independent of volume. The Veris 3100 cart uses 6 coulter-electrode 
blades that penetrated the soil at a depth of 0.12 m. Direct soil contact with the electrodes 
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allows the Veris 3100 system to eliminate calibration due to changes in ambient air 
temperatures, unlike electromagnetic induction methods. One pair of coulters injects an 
electrical current into the soil; the drop in voltage is measured by a pair of coulters 0.22 
m away and another pair at 0.74 m.  
The procedure for collecting soil ECa measurements involved attaching the Veris 
3100 cart to a four-wheel drive pickup and pulling it through the field at a speed of ~ 16 
km/h. This provided a soil ECa reading every ~ 4.5 m. Each parallel swath through the 
field had a spacing of ~ 9 m apart. This was done to reproduce the producer’s typical 
swath width (12 rows @0.76m). The Trimble AgGPS 442 GNSS receiver was mounted 
to the Veris 3100 cart to record RTK GPS position once a second, along with soil ECa. 
The resulting dataset was a geo-referenced point file with each data point containing ECa-
sh, ECa-dp, latitude, longitude, and elevation information.  
 Randomized soil sampling was performed at each research site. Fifty sampling 
locations were randomly distributed across the study area of each research field. Twelve 
soil sub-samples, at each location were taken, to a depth of ~ 20 cm. Kleen Hole Spade 
soil probes (M&M Supply Co, Clear Lake, IA, USA) with a 2.54-cm diameter were used 
to collect the samples. The 12 sub-samples were then composited into a single soil 
sample for laboratory analysis.  
Soil samples were analyzed for total soil organic matter (%). Delineation of 
management zones was designed to utilize static soil properties to create zones of yield 
productivity. This allows the producer to form a base management strategy for multiple 
years. Soil organic matter (SOM) is a relatively static soil property if year-to-year 
management practices are fixed. For those reasons only SOM results from the laboratory 
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analysis were used in defining management zones. Soil organic matter was estimated 
using the weight loss-on-ignition (LOI). (Cambardella et al., 2001) 
 
Topographic Data 
At each of the research fields a geo-referenced elevation dataset was also recorded 
during mapping of soil ECa using the Trimble AgGPS 442 units. The elevation dataset 
was measured in meters above mean sea level (MSL). This resulted in elevation data in 
point format at the same accuracy and interval spacing as the previously discussed soil 
ECa data. From the elevation dataset both slope and profile curvature datasets were 
produced using the ArcMap 9.3 GIS software package (ESRI, Redlands, CA, USA).  
The slope of a surface was calculated as the drop or rise in elevation of a location 
and its surroundings. Mathematically, the slope is the first derivative of an elevation 
dataset. Slope is an important factor in surface soil movement due to erosion.  
  Profile curvature datasets are a second derivative of elevation datasets and 
represent the acceleration or deceleration of elevation change. Values that are negative 
denote a concave sloped area, positive values are convex, and values of zero are linearly 
sloped. Convex values correspond to a deceleration of elevation change and can 
potentially be areas of deposition. Conversely concave values potentially represent zone 
of erosion. This can have an influence on the depth of a soil’s A horizon and potential 
aggregate organic matter.  
 
Bare-Soil Aerial Imagery 
Bare-soil images were collected at each research field on June 3, 2010 using a 
digital camera system on an aerial platform. Cornerstone Mapping Inc. (Lincoln, NE, 
USA) provided geo-referenced digital orthophotographs. Images were collected from a 
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nadir position using an Applanix DSS 439 airborne digital camera system (Trimble 
Navigation Limited, Sunnyvale, CA, USA) mounted on a Cessna Skylane II aircraft. The 
Applanix DSS 439 system provides a three band, orthorectified color infrared image. 
Spectral bandwidths for the images were 800-960 nm (NIR), 600-720 nm (Red), and 500-
600 nm (Green). Precision post-processing was performed by Cornerstone Mapping Inc. 
to remove distortion, calibrate 8-bit radiometric resolution, and provide 0.20 m spatial 
resolution. 
 
Yield Data 
Each research field was harvested shortly after physiological maturity using 
commercial harvesting combines equipped with yield monitors. A Case IH combine 
equipped with an AgLeader yield-monitoring system (AgLeader Technology, Inc., Ames, 
IA, USA) was used to collect yield data on the BR10 research field. On both the HU10 
and BU10 research fields yield data was acquired using a John Deere combine outfitted 
with a Greenstar yield monitoring system (Deere and Co., Moline, IL, USA). The spatial 
resolution of yield data varied somewhat between fields because of combine speed but 
was ~ 4 m. Yield Editor 1.02 Beta software package (Sudduth and Drummond, 2007) 
was used to filter raw yield data points for error. Yield data points were filtered to 
remove errors caused by grain flow delays, rapid velocity changes, a variation from 
specified combine swath width, and removal of statistical outliers (Sudduth and 
Drummond, 2007). All yield data were adjusted to the standard moisture of 15.5%.  
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DATA PROCESSING 
 
The soil ECa measurements, elevation, and yield datasets were collected in the 
geospatial vector shapefile point format. Within each of the study areas, samples were 
taken as data points with their specified attributes and associated latitude, longitude, and 
elevation.  
All of the datasets collected for management zone determination required some 
post-processing to allow for statistical comparisons. Data processing consisted of 
removal of statistical outliers, projection to a common coordinate system, joining of all 
measured landscape attributes, soil properties and grain yield. To allow for statistical 
analysis all of the data layers were joined at the same spatial resolution. It was also 
important to have all of the measured data at each geo-referenced location of the study 
area, and at the same spatial scale to allow for correct comparisons to be made and 
accurate management zones established. It was critical to set the final spatial resolution of 
all datasets to the layer with the coarsest resolution. This eliminated the possibility of 
artificial precision created from interpolation procedures.  
Nine attributes were identified as possible estimators of production potential in 
commercial cornfields. The nine attributes were broken into three groups; soil properties, 
spectral wavebands, and landscape attributes. The four soil property datasets included 
soil ECa-sh, soil ECa-dp, a ratio of the two soil ECa readings (ECa-ratio), and an estimation of 
SOM. Three digital brightness value datasets were collected from early season aerial 
imagery. These datasets included bands at the 500-600nm (green), 600-720nm (red), and 
800-960nm (NIR) wavelengths. The two landscape attributes consisted of percent slope 
and profile curvature. 
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The progression of taking a collection of raw geo-referenced data points and 
creating zones is a complex and labor-intensive procedure. The multi-step approach of 
delineating zones of relative productivity for management used for this project is 
illustrated in Fig. 2.  The flow chart provides a step-by-step account of the data 
processing involved in the delineation of zones. A more detailed description of each of 
the individual processes will be discussed in this section. 
 
Figure 2. Flow chart of data processing procedure for delineating zones of relative productivity 
 
 
 
Create Fishnet  
 It was essential to convert all datasets to the same spatial scale to facilitate geo-
statistical analysis of multiple data layers. It was important not to impose artificial spatial 
resolution to any of the data collected. Parameters and processes important at one scale 
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are frequently not important or predictive at another scale, and information is often lost as 
spatial data are considered at coarser scales of resolution. The spatial scale at which 
patterns are quantified influences the results and measurements made at different scales 
may not be comparable (Turner et al., 1989). 
The “Create Fishnet” tool in the data management toolbox of ArcGIS 9.3 was 
used to build 7.5m by 7.5m cells across the study area of each field. This provided a 
systematic distribution of each value of the nine attributes every 56.25-m2. The area of 
each cell represents the spatial resolution of the coarsest dataset. The fishnet was the 
platform for which multiple datasets could be combined to produce a single cell with 
each of the soil and landscape attributes. Attributes with a higher spatial resolution were 
averaged within each appropriate 56.25-m2 cell to create a single value for each attribute. 
This enabled comparative analysis to be performed between each of the datasets. Each 
dataset was joined to the fishnet shapefile after processing. Once all the datasets were 
combined at the same geo-located spatial resolution they were imported into Statistical 
Analysis Systems 9.2 (SAS Institute Inc., Cary, North Carolina, USA) for further 
analysis.  
 
Bare-soil Aerial Imagery  
The bare-soil aerial imagery was in a geo-referenced tagged image file format 
(GeoTIFF). A GeoTIFF is a raster dataset that uses grid cells that contain a geo-
referenced value. Each aerial image was a mosaic of 3 separate GeoTIFF datasets at 500-
600 nm, 600-720 nm, and 800-960 nm wavelengths. The bare-soil images had 0.20 m 
spatial resolution and 8-bit radiometric resolution. Each image contained 0.20 m grid 
cells with a unitless values ranging from 0-255. The amount of SOM in the A horizon of 
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a soil has a significant impact on the spectral reflectance characteristics of exposed soils 
(Jenson, 2007). Absorption of incident energy increases as SOM increases.  
 
Soil ECa data 
 For each research field, three ECa datasets were obtained with the Veris 3100 
system. All outliers in the soil ECa datasets were filtered out using ArcGIS 9.3. Outliers 
included points in the dataset when the Veris 3100 cart was turning or negative soil ECa 
readings. Irregular soil-to-coulter contact was common when the Veris cart was turning, 
causing misleading readings.  
Measurements of ECa-sh and ECa-dp were identified as possible data layers for 
management zone delineation. For the third dataset, a simple ratio of the ECa-sh and ECa-
dp (ECa-ratio) readings was performed to create an artificial dataset. The equation ECa-ratio = 
ECa-sh / ECa-dp was used to calculate the ratio. All ECa-ratio data had unitless numbers 
between zero and one. ECa-ratio was calculated to potentially highlight areas of the field 
that have highly variable properties through their soil profile. This dataset can also be 
useful in determining shallow soils.  
 
Estimation of SOM 
The presence of SOM has been shown to be an influential factor in N 
mineralization and consequently the availability of inorganic compounds necessary for 
plant growth. Increased SOM has been shown to positively affect crop productivity 
through increases in water holding capacity and nutrient supply. The soil samples 
collected for the study were at a spatial scale too large for site-specific management. A 
software program developed by the USDA-ARS was used to extrapolate the SOM to a 
scale suitable for the purposes of management zone delineation.  
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ESAP-95 version 2.01R software package (Lesch, Rhoades, and Corwin, 2000) 
developed at the USDA-ARS George E. Brown Jr., Salinity Laboratory in Riverside, CA 
was used to increase the spatial density of the SOM measurements obtained from the 
random soil samples. This software was used to extrapolate SOM based on geo-
referenced soil ECa measurements. This software was initially developed for mapping 
variability in soil salinity but has also been used for estimating secondary soil properties 
such as SOM. The ESAP-95 V. 2.01R software package contains three programs (ESAP-
RSSD, ESAP-Calibrate, and ESAP-SaltMapper) that were necessary to develop an 
estimated SOM reading for GIS applications. The ESAP-RSSD program was used to 
convert soil ECa data into the software’s usable format and eliminate statistical outliers. 
ESAP-Calibrate was designed to process soil sample data and estimate stochastic 
calibration equations based on multiple linear regression modeling. ESAP-SaltMapper 
was used to generate geo-referenced estimates of SOM. The finished product from 
ESAP-95 V. 2.01R is an estimate of SOM at each geo-referenced soil ECa data point.  
 
Topographic Attributes 
 The elevation dataset obtained during the soil ECa measurements used only points 
from the filtered soil ECa datasets. Readings taken when the Veris 3100 cart was turning 
were removed to avoid misleading elevation measurements caused by bouncing of the 
cart. The two datasets analyzed for management zone delineation were slope and profile 
curvature.  
In general the slope of a landscape affects the rate of water movement down 
gradient. Profile curvature represents the acceleration or deceleration of the slope in the 
steepest direction. Knowing where in a landscape acceleration and deceleration occurs 
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allows for mapping zones of deposition or erosion. It has consistently been shown at the 
field scale that surface soil organic C, N, and P concentrations are higher in areas of soil 
accumulation compared to areas of soil removal by erosion (Papiernik et al., 2009). It is 
also important to note that soil concentrations of nutrients and organic matter are higher 
throughout the upper soil horizons in uncultivated landscapes then in eroded cultivated 
landscapes with the same landscape attributes (Gregorich and Anderson, 1985). This 
showed that fields with large landscape variability required responsible soil tillage 
management to maintain soil fertility. 
 Both datasets are derivatives of elevation and were produced using the GIS 
software package ArcGIS 9.3 and Imagine 2010 v. 10.1 (Erdas Inc., Norcross, GA, 
USA).  The Spatial Analyst toolbox in ArcGIS 9.3 was used to calculate slope. That value 
is described as the maximum rate of elevation change between a cell and its 8 
neighboring cells. This calculation does not specify which of the 8 neighboring cells 
provided the maximum change in elevation.  
 The profile curvature is the second derivative of the elevation dataset. A 4th order 
polynomial was used by ArcGIS 9.3 to calculate the profile curvature. Each pixel in the 
resulting profile curvature dataset has a unitless value either negative or positive. A 
negative profile curvature value denotes a concave curvature, an area of the field with a 
decreasing slope. Areas with decreasing slope are zones in the field where eroded topsoil 
would likely be deposited. Positive values correspond to convex slope positions, sections 
of the field where the slope is increasing. Convex areas will likely have a shallow A 
horizon due to its susceptibility to erosion. Positive value pixels are areas with a potential 
net soil loss. 
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Point to Raster 
It was necessary to convert the geospatial vector shapefile point format to a binary 
grid (raster) format so that the elevation dataset could be processed and the slope and 
profile curvature could be calculated. Raster format is a dataset that stores an attribute in 
pixels. The user can determine the size of the pixels that are organized into rows and 
columns. Raster datasets are ideal for representing equally spaced continuous information 
such as elevation.  
The ArcMap 9.3 GIS software package contains a geo-statistical analyst tool that 
allows the user to create raster datasets from vector-point data using interpolation. For 
this project, the Inverse Distance Weighting (IDW) interpolation procedure was 
preformed on each dataset. IDW interpolation is a deterministic model that estimates a 
value at a location based on the weighted observations at neighboring data points. This 
means that points closer to the prediction location will have a greater influence then 
points farther away. This procedure makes the assumption that attributes that are close 
together will be more alike then ones that are farther apart. IDW interpolation is a useful 
procedure when the set of points are dense enough to account for the localized variation 
between points. IDW interpolation is an appropriate technique for elevation data because 
it assumes that the driving force of the variation in a dataset is local. This means that only 
immediately local sampled points will influence predicted values. The elevation data that 
was collected with the Veris Soil EC 3100 cart had a mean distance of 7.5-m between 
points. It was assumed that this was a sufficient density to allow for IDW interpolation to 
be used.  
The specific parameters used for IDW interpolations were set up to account for 
the spatial density and the orientation of the sampling pattern. The user has the ability to 
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set up these parameters for a specific sampling density and spatial characteristics of an 
individual dataset. The sampling pattern for the elevation dataset was set up to mimic the 
producer’s existing cropping patterns. This resulted in sampling points having a 4.5-m 
linear spatial resolution and 9.0-m between each pass. All IDW interpolation parameters 
where maintained at each of the research fields.  
One parameter that ArcGIS 9.3 allows the user to select is the number of 
neighboring sampled points that will influence a predicted value. It was important to 
choose a large enough sampling neighborhood to include multiple transects in the 
interpolation of each predicted value. This was due to the density of sampled points being 
much higher along transects then between them. For this project the sampling 
neighborhood included between 12 and 15 sampled points. This insured that only points 
within an approximate radius of 12.5 m would influence the value of a predicted pixel, 
still weighted by proximity. 
It was also important to optimize the power of the IDW interpolation. This 
function minimized the root mean square prediction error (RMSPE) by adjusting the 
weights given to the sampled points based on distance from the prediction value. ArcGIS 
9.3 calculates the optimal power from cross-validation. In cross-validation, each sampled 
point is removed and compared to a predicted value at that location. ArcGIS 9.3 uses 
multiple powers until it finds the power that produces the lowest RMSPE between the 
sampled value and the predicted value for each sample point. The weights of the sample 
points were calculated as the inverse distance raised to the optimal power. The lower the 
optimal power the more points farther away will influence the predicted value. The 
optimal power was independently calculated for each research site. As a result of the 
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IDW interpolation a 1.0-m elevation raster dataset was produced. This allowed for further 
topographic processing to be performed using ArcGIS 9.3.  
 
Filter Slope & Profile Curvature 
 A filtering process was required using Imagine 2010 v. 10.1 so that the elevation 
dataset could be processed and the slope and profile curvature could be calculated. 
Spatial frequency is artificially amplified because slope and profile curvature are 
derivative datasets. A low-pass convolution filter was used to decrease the spatial 
frequency of the slope and profile curvature datasets resulting in a more homogeneous 
dataset. Low-pass convolution filtering tends to reduce deviations from local averages 
and thus smoothes the dataset. Both topographic datasets had a spatial resolution of 1 m, 
which allowed for some filtering without unacceptable loss of precision. Convolution 
filtering can be defined as averaging the values of a dataset based on local values of 
neighboring cells within a kernel (A 7-cell by 7-cell matrix with low-pass filter 
coefficients to weight the averaging of the target cell).  
 
Spatially Joining Attribute Layers 
 Once all post-processing was completed, it was necessary to combine all of the 
spatially referenced attribute datasets into one singular geo-referenced dataset for each of 
the 3 research sites. The “Spatial Join” tool in ArcGIS 9.3 was used to combine datasets. 
This was necessary for statistical analysis to be performed on the relationship between 
the attributes and yield. ArcGIS 9.3 allowed for the 56.25-m2 cell fishnet shapefile to be a 
target data layer. Each of the 9 attribute datasets was individually spatially joined to the 
fishnet shapefile. For each dataset, all of the data points within a given 56.25-m2 cell 
were averaged to create a single attribute value for each of the fishnet cells. All of the 
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joining parameters and cardinality rules associated with the “Spatial Join” ArcGIS tool 
were held constant for each dataset.  
 
ZONE DELINEATION AND DATA ANALYSIS 
 
Pearson Correlation Coefficients 
 Pearson correlation coefficients (r) were calculated between each of the nine 
attributes and corrected yield values. Pearson correlation coefficients are statistics 
between –1 and +1 that measure the association between two independent variables. A 
positive relationship between independent variables is shown with a positive correlation 
and a negative correlation implies an inverse relationship between variables. The closer 
an r value is to –1 or +1 the stronger the degree of association between independent 
variables. Pearson Correlation analysis has been commonly used in comparing multiple 
spatial datasets for management strategies. Correlation coefficients for each field are 
available in Table 4. 
 
Table 4.  Pearson correlation coefficients of soil, landscape, and aerial imagery attributes as they 
relate to adjusted yield for the research sites 
Landscape, Imagery, and Soil Attribute’s Correlation to Yield 
BR10   BU10  HU10 
0-0.3m ECa 0.438*  0-0.3m ECa 0.339* 0-0.3m ECa 0.073* 
0-0.91m ECa 0.419*  0-0.91m ECa 0.339* 0-0.91m ECa -0.010 
ECa Ratio -0.182*  ECa Ratio 0.003 ECa Ratio 0.116* 
SOM 0.660*  SOM 0.361* SOM -0.092*
% Slope -0.283*  % Slope 0.001 % Slope 0.034 
Profile Curvature 0.279*  Profile Curvature 0.034 Profile Curvature 0.087* 
NIR -0.664*  NIR 0.320* NIR 0.128* 
Red Band -0.667*  Red Band 0.184* Red Band 0.127* 
Green Band -0.699*   Green Band 0.195*  Green Band 0.159* 
* statistical significance at P< 0.01 
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 Because geo-referenced data were collected across large areas of each production 
cornfield and sample size was high (BR10: n=5786, BU10: n=2447, HU10: n=2411). 
Even attributes with low r-values were found to be statistically significant. For the BR10 
field all attributes were found to be statistically significant at a P=0.01 level, while 67% 
of the attributes for the BU10 field and 78% for the HU10 field were found to be 
significant at that same level. Research has shown that if correlation analysis is used to 
make comparisons between yield and soil or topographic data, the results should be 
viewed subjectively and mainly used as an indicator of those factors to be included in 
more scrutinizing analyses (Kitchen et al., 2003). For that reason Pearson correlation 
coefficients were used only to identify the most appropriate spatial attributes for 
identifying variability in yields at the three study sites.  
 
Management Zone Analyst 
 The complex nature of how yield is affected by a number of soil and topographic 
properties makes it unwise to create management zones based solely on single factor 
correlations between grain yield and attributes. Cluster analysis procedures have been 
used to identify areas within a field that have similar landscape and soil properties 
(Fridgen et al., 2004). Unsupervised clustering techniques allow for the creation of 
unique areas or zones within a field with similar attributes without requiring the user to 
define specific criteria for each zone. This clustering technique is used when little 
knowledge of distribution or structure of the data is known. One unsupervised clustering 
technique, fuzzy c-means, has been used for classification of yield data, topographic data, 
soil properties, and remotely sensed images. This procedure uses a weighted exponent to 
control the degree to which membership sharing occurs between classes. 
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 The Management Zone Analyst (MZA) software package was developed in 2000 
from a collaborative effort between the USDA-ARS Cropping Systems and Water 
Quality Research Unit (CSWQRU) and the University of Missouri. MZA allows users to 
input any quantitative geo-referenced data into the program and through fuzzy c-means 
clustering to identify semi-homogeneous classes for site-specific management. Along 
with classification of zones, MZA provides performance evaluation of clustering once 
zone delineation has been accomplished. Two performance indices are calculated by 
MZA. Normalized classification entropy (NCE) characterizes the amount of 
disorganization created by dividing a data set into classes. Fuzziness performance index 
(FPI) represents the amount of membership sharing that occurs between classes. 
Performance of the fuzzy c-means clustering analysis is maximized when both NCE and 
FPI are minimized.  
 
Evaluation of Yields within Management Zones  
 
Site BR10 
 For the BR10 field Pearson correlation coefficients determined the attributes 0-
0.3m ECa, SOM, and the green waveband of the bare soil imagery were the most 
beneficial inputs for productivity zone delineation in MZA. Analysis of both NCE and 
FPI performance indices identified 4 discrete zones as the optimal number to minimize 
class disorganization and sharing between zones (Fig. 3). 
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  Fig. 3.  BR10 site FPI & NCE performance indices 
 
 
 MZA classified 50 independent areas within the BR10 field that could be 
categorized into 4 distinct management zones, using input parameters of 0.3m ECa, 
SOM, and the green waveband of the bare soil imagery. Ten of those areas were 
classified as zone A, 10 as zone B, 14 as zone C, and 16 as zone D. Statistical means and 
standard deviation were calculated for all processed yield data points within each of the 
50 management areas.  
At the BR10 field site yield data within small plot research was removed from 
analyses to avoid any bias. As a result, not all of the 50 management areas contained 
yield data for examination. Statistical means of zone A areas ranged from 77.0 bu/ac to 
133.2 bu/ac and standard deviations were between 25.2 bu/ac to 44.9 bu/ac (Fig. 4). Zone 
B areas statistical means varied between 134.7 bu/ac and 231.5 bu/ac with standard 
deviations ranging from 2.8 bu/ac to 46.2 bu/ac (Fig. 5). Management zone C had 
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statistical means that varied from 122.2 bu/ac to 190.4 bu/ac and standard deviations 
from 9.6 to 49.7 bu/ac (Fig. 6). Statistical means of zone D ranged between 112.1 bu/ac 
to 235.5 bu/ac and had standard deviations between 14.7 bu/ac and 53.3 bu/ac (Fig. 7).  
  
 Fig. 4.  BR10 site zone A individual areas mean grain yield and standard deviations 
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 Fig. 5.  BR10 site Zone B individual areas mean grain yield and standard deviations 
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  Fig. 6.  BR10 site zone C individual areas mean grain yield and standard deviations 
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  Fig. 7.  BR10 site zone D individual areas mean grain yield and standard deviations 
BR10 Management Zone D
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The wide range of statistical means of the independent areas within each 
management zone was higher then expected. This could be attributed to the huge 
variation in sample size (n) of each of the independent areas. Some of the MZA 
delineated management zones had an area less than 0.15 acres, allowing for a limited 
number of yield data points for statistical analysis (Table. 5).  
To avoid independent areas with low sample sizes having the same influence as 
areas with large sample sizes, each area was weighted by its sample size when calculating 
the overall statistical mean of each management zone. Zone A of field BR10 had an 
overall statistical weighted mean yield of 114.1 bu/ac and a standard deviation of 23.0 
bu/ac. The weighted mean yield of zone B was 120.7 bu/ac with a standard deviation of 
38.6 bu/ac. The weighted mean yield of Zone C was 169.8 bu/ac, with a standard 
deviation of 20.8bu/ac. The weighted mean yield of zone D equaled 204.0 bu/ac and the 
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standard deviation was 39.8 (Fig. 8). Spatial distribution of delineated productivity zones 
is displayed in Fig. 9. 
 
Table 5.  BR10 site management zones individual areas yield data population 
                    
  BR10   
  Zone A Zone B Zone C Zone D   
  Zone ID n Zone ID n Zone ID n Zone ID n   
  13 1469 2 21 33 4 5 40   
  32 79 4 4 34 21 6 121   
  35 79 45 212 41 3 11 16   
  38 1 50 2 43 4179 37 3   
  40 51 54 87 46 35 39 346   
  44 200 56 286 47 36 42 160   
  55 3842 61 179 49 7 53 367   
      51 26 58 6   
      57 1520 64 5466   
      59 455     
      60 292     
                    
* n = yield data population size 
 
  Fig. 8.  BR10 weighted mean yield and standard deviation by zone 
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Fig.  9.  Spatial distribution of BR10 management zones 
 
 
 
 
Site BU10 
 Pearson correlation coefficients determined that the most appropriate attributes to 
use for delineation of productivity zones were 0-0.3m ECa, SOM, and the NIR waveband 
from the bare soil imagery. NCE and FPI performance indices selected 3 discrete zones 
as the optimal number of zones with minimal class sharing and disorganization (Fig. 10). 
  
 36
  Fig. 10.  BU10 research site FPI & NCE performance indices 
 
 
Ancillary research was being conducted at the BU10 field site and so associated 
yield data within those research plots was removed from analysis to avoid any bias. MZA 
identified 15 discrete areas within the BU10 site that were categorized into 3 
management zones. Six of those areas were classified as zone A, 6 as zone B, and 3 as 
zone C. Statistical means and standard deviation were calculated for all processed yield 
data points within each of the 15 management areas. The statistical means of yields for 
independent areas of zone A for the BU10 site ranged from 115.3 bu/ac to 199.8 bu/ac. 
Zone A areas standard deviations of yield varied between 7.9 bu/ac and 37.9 bu/ac (Fig. 
11). The independent areas of Zone B yields ranged from 138.5 bu/ac to 233.8 bu/ac for 
the statistical mean and had standard deviations between 18.8 bu/ac and 46.4 bu/ac (Fig. 
12). Zone C areas statistical means of yields ranged from 148.3 bu/ac to 166.9 bu/ac and 
standard deviations varied from 18.8 bu/ac to 31.8 bu/ac (Fig. 13).  
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 As was the case with the BR10 site, the wide range of statistical means and 
standard deviations of the independent areas within each management zone was high due 
to the considerable variation in sample sizes (n) of each of the areas. Several of the 
independent areas had areas smaller then 0.01 acre, thus limiting the number of yield data 
points for statistical analysis within each independent area (Table. 6).  
 
Fig. 11.  BU10 site zone A individual areas mean grain yield and standard deviations 
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Fig. 12.  BU10 site zone B individual areas mean grain yield and standard deviations 
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 Fig. 13.  BU10 site zone C individual areas mean grain yield and standard deviations 
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   Table 6.  BU10 site management zones individual areas yield data population 
                
  BU10   
  Zone A Zone B Zone C   
  Zone ID n Zone ID n Zone ID n   
  2 8 4 6 14 4665   
  3 35 7 2 19 24   
  5 6 9 5     
  15 7 10 54     
  21 69 18 590     
  22 1313 24 1974     
                
   * n = yield data population size 
When calculating statistics for each of the three management zones, weights were 
given to each of the independent areas to account for the differences in sample sizes of 
the areas. Zone A of field BU10 had an overall statistical weighted mean of 146.3 bu/ac 
and a standard deviation of 29.9 bu/ac. The weighted mean yield of zone B was 163.3 
bu/ac with a standard deviation of 32.8 bu/ac. Zone C weighted mean yield was 166.8 
bu/ac with a standard deviation of 13.1 bu/ac (Fig. 14). The spatial distribution of each 
management zone is displayed in Fig. 15.  
   
 Fig. 14.  BU10 weighted mean yields and standard deviation by zone 
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 Fig. 15.  Spatial distribution of BU10 management zones 
 
 
 
 
Site HU10 
 Pearson correlation coefficients for the HU10 field indicated the most significant 
attributes were SOM, ECa-ratio, and the green band of the bare soil imagery. Four discrete 
zones were calculated using the NCE and FPI performance indices from MZA (Fig. 16).  
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  Fig. 16.  HU10 research site FPI & NCE performance indices 
 
 
The producer implemented variable rate management strategies on the southern 
1/3 of the HU10 field, resulting in yield data points being removed from analysis. MZA 
identified 36 discrete areas within the HU10 site that were categorized into four 
management zones. Fourteen of those areas were classified as zone A, 8 as zone B, 10 as 
zone C, and 3 as zone D. Statistical means and standard deviation were calculated for all 
processed yield data points within each of the 36 management areas. Although MZA 
identified four management zones within the HU10 site, all three independent zone D 
areas were located in the southern 1/3 of the field. That prevented any statistical analysis 
of yield data within zone D.  
Mean yields in zone A areas ranged from 117.6 bu/ac to 264.9 bu/ac and standard 
deviations were between 13.1 bu/ac to 31.8 bu/ac (Fig. 17). Zone B areas mean yields 
varied between 190.5 bu/ac and 228.4 bu/ac with standard deviations ranging from 8.1 
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bu/ac to 31.3 bu/ac (Fig. 18). Management zone C had mean yields that varied from 
195.7 bu/ac to 206.2 bu/ac and standard deviations from 0 to 40.0 bu/ac (Fig. 19). 
Fig. 17.  HU10 site zone A individual areas mean grain yield and standard deviations 
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Fig. 18.  HU10 site zone B individual areas mean grain yield and standard deviations 
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Fig. 19.  HU10 site zone C individual areas mean grain yield and standard deviations 
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As was the case with the other two sites, the wide range of means and standard 
deviations of the independent areas within each management zone was high due to the 
considerable variation in sample sizes (n) of each of the areas. Several of the independent 
areas had areas smaller then 0.01 acre. This fact, along with the producer’s independent 
management strategy on the southern 1/3 of the field limited the number of yield data 
points for statistical analysis within each independent area (Table. 7).  
   Table 7.  HU10 site management zones individual areas yield data populations 
                    
  HU10   
  Zone A Zone B Zone C Zone D   
  Zone ID n Zone ID n Zone ID n Zone ID n   
  7 9 10 13 19 1404     
  8 35 14 492 22 302     
  9 66 24 62 25 969     
  15 364 28 11 27 117     
  21 355 38 1099 32 1     
  42 2596 43 427 36 440     
  44 128         
                    
  * n = yield data population size 
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To account for the differences in sample sizes of each independent area, weights 
were given to each of the areas for calculation of zone statistics. Zone A of field HU10 
had an overall weighted mean yield of 194.4 bu/ac and a standard deviation of 44.3 bu/ac. 
The weighted mean yield of zone B was 199.5 bu/ac with a standard deviation of 13.4 
bu/ac. Zone C weighted mean yield was 203.6 bu/ac with a standard deviation of 6.6 
bu/ac (Fig. 20). The spatial distribution of yield productivity management zones for the 
HU10 site is displayed in fig. 21.  
 
Fig. 20.  HU10 weighted mean yield and standard deviation by zone 
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Fig. 21.   Spatial distribution of HU10 management zones 
 
  * Blue signifies areas were no yield data was available. 
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DISCUSSION 
 
 The increased availability of variable rate controllers integrated with RTK GPS 
has increased the need for a single efficient process for managing within-field 
productivity variability. Grain yield is influenced by such a variety of soil physical 
properties, soil chemical properties, topographic properties, and in-season climatic trends 
that identifying a single process for characterizing field variability is neither streamlined 
nor simple. Although grain yield productivity is dependent on all of the different soil and 
topographic properties within each field, certain attributes are more dominant 
components then others. The difficulty in identifying productivity variability is 
identifying the dominant properties for a field. Using Pearson correlation coefficients, 
each of the three fields identified different groups of attributes as the optimal inputs into 
MZA.  
This project was conducted over a single growing season and largely ignored the 
influence of year-to-year temperature and precipitation variability. Previous research has 
shown significant temporal changes in yield patterns within a single field over a 5-year 
period (Schepers et al., 2004). That research indicated that climatic influences during the 
growing season are likely to change relationships between yield productivity and 
management zones. Normalizing yields over multiple years would provide management 
zones that are less dependent on in-season weather patterns. Theoretically correlations 
between normalized yield data to spatial attributes would be more representative of 
average growing conditions and allow producers to adjust for yearly weather influence 
in-season.  
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Although optimum attributes for input into MZA varied from site to site ECa, 
SOM estimation derived from ESAP-95 version 2.01R, and aerial imagery spectral bands 
regularly provided the highest Pearson correlation coefficient values for each of the 
fields. The HU10 site provided the lowest correlation with yield across all attributes. The 
HU10 site received 10.77 cm of precipitation in the month of May and 22.28 cm of 
precipitation in the month of June (Table 2). The majority of June precipitation occurred 
on 2 separate occasions before much N uptake by the plants had occurred. Since the bulk 
of available nutrients are stored in the soil, intense precipitation events could have 
resulted in relocation of mobile nutrients, which may distort the relationships between 
yield and soil properties and landscape attributes. Both the BR10 and BU10 sites have 
coarser soil texture than HU10, allowing for higher rates of infiltration. The higher clay 
content and smaller soil particle size of the HU10 site does not allow for rapid infiltration 
of precipitation, increasing the impact of erosion and lateral movement of mobile 
nutrients. Although the impact of nutrient movement due to runoff would be reduced at 
the BR10 and BU10 sites, leaching of mobile nutrients is a concern.  
An aspect of zone delineation for management of variability that was not 
discussed was the efficiency of large commercial equipment for variable rate 
applications. For this project data were collected along 9.1 m transects and provided 
~7.5m spatial resolution for all soil and landscape attributes. Depending on the 
capabilities of the producer it may not be possible to apply variable management 
strategies at this fine spatial scale. It may be appropriate to determine management zones 
based on the spatial scale of the equipment used for variable management. This strategy 
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would reduce the number of individual areas of management and would potentially 
reduce the accuracy of productivity zones within a field. 
 
CONCLUSIONS 
 Grain yield potential of a field is determined by multiple factors based on static 
soil and landscape properties along with variable in-season climatic events. Each field 
has different properties that are dominant factors in determination of grain yields. Along 
with the dominant soil and landscape properties yearly climate patterns also influence the 
grain yield. Above-average precipitation can cause an area that normally will be low 
yielding to out-produce areas of the field with commonly high production potential. The 
HU10 site was an example of in-season weather conditions affecting production 
potential. All attributes at the HU10 site had extremely low correlations with yield. The 
SOM attribute for the HU10 field showed an inverse relationship with grain yield. 
Normalizing yields across multiple years would likely provide a more appropriate 
relationship between attributes and grain yield for this site.  
 Each of the research sites had different attributes with the highest Pearson 
correlation coefficients, although each used the ESAP-95 version 2.01R as one of the 
inputs into MZA. All three of the research fields used one of the soil ECa measurement 
layers and aerial imagery spectral band datasets. In general, the three separate waveband 
datasets had similar correlations with yield at each of the research locations. Substitution 
among wavebands would likely result in little or no variation in zone delineation using 
MZA. Soil ESAP-95 version 2.01R estimated SOM, soil ECa measurements, and aerial 
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imagery provide the most appropriate inputs into MZA for identifying zones of 
production potential in a commercial cornfield.  
 The attributes used in this project were assumed to be static properties. Those 
properties are only part of determining grain yields; in-season influences also affect grain 
yield. Management zone delineation using static soil and landscape properties can be a 
beneficial foundation for variable management by a producer. To maximize production 
within the field adaptive in-season management must be performed to account for yield 
limiting factors associated with stresses during the growing season.        
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CHAPTER 2,  
Evaluation of the Effectiveness of a Universal Delineation Technique or 
a Field Specific Delineation Technique for Identifying Management 
Zones for Relative Productivity of Irrigated Corn in Nebraska 
 
 
 
OBJECTIVES 
 
 The objectives of this study were to (1) identify the appropriate soil properties and 
landscape attributes to create zones of relative productivity for an individual field and for 
multiple fields across several soil types. (2) Evaluate the effectiveness of using a 
universal management zone delineation technique for multiple sites. Maximizing the 
variability between zones while minimizing within zone variability identified effective 
delineation of management zones. 
 
Materials and Methods 
 
Research Fields 
Three producer fields located across the state of Nebraska were selected during 
the 2010 growing season (BR10, HU10, and BU10). Each field was irrigated during the 
growing season using a sprinkler-irrigation pivot system. Previous year’s crops were 
soybeans in the BR10 field, popcorn in HU10, and corn in BU10. Locations of the three 
sites ranged throughout the state of Nebraska (Fig. 1) covering multiple soil types (Table 
1), topographic features, and climatic regimes (Table. 2). The three fields provided a 
range of topographic features on varying soil types. This allowed for multiple interactions 
between soil properties and landscape properties to influence yield.  
 BR10 was located at the NW ¾, W ½, sec. 29, T.15N., R.6W., 6th P.M., Merrick 
County, NE. The BR10 field had approximately 13 m of relief and receives an average 
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annual rainfall of 49.17 cm. HU10 was located at the NE ¼, sec. 28, T.10N., R.8W., 6th 
P.M., Hamilton County, NE. Approximate relief for the HU10 field was 13.5 m with a 
historic annual rainfall of 48.61 cm. The BU10 field was located at the NE ¼, sec. 11, 
T.12N., R.41W., and 6th P.M., Keith County, NE. The approximate relief for BU10 was 
16.5 m and historically receives 34.78 cm of annual rainfall.  
 
Field Treatments 
To highlight yield response to varying landscapes and soil properties within a 
field, it was crucial that all management practices were applied consistently across each 
study area. Zone delineation and evaluation was done only in areas of the field where 
management practices were homogeneous. The study area at BR10 was 38.49 ha, HU10 
was 16.42 ha, and BU10 was 13.70 ha. Each research field was managed the producer in 
accordance with recommended agronomic management practices (Table 3). The 
producers performed all in-season management including irrigation scheduling, fertilizer 
application, herbicide implementation, and any as-needed insecticide applications.  
 
Data Collection 
 
Each research field had identical datasets collected using common methods of 
collection. Data were collected at times that approximated the times that conventional 
field operations would occur for each producer. This was done to identify the possibility 
of providing usable data that could be collected by the farmer during normal field 
activities. Data were collected along transects that reflect each pattern of field operations. 
All three research sites implemented management practices that require a pass through 
the field every 9.1 m. It was important for this project to identify the producer’s patterns 
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for determining the spatial density of data collection for zone delineation. Collecting data 
at a spatial scale identical to the farmer allowed for identifying landscape and soil 
attributes that could be found during typical management procedures. Collection of data 
for zone delineation can be accomplished without requiring the farmer to make additional 
passes through a field for data collection. This practice created a point dataset with a non-
uniform spatial density. Data along each transect through the field provided a 4.5m 
spatial resolution but a 9.0 m spatial resolution between transects.  
The same equipment was used to collect data in each of the research fields. Data 
were geo-referenced using a real-time kinetic (RTK) global positioning system (GPS) 
providing ~ 1 cm horizontal accuracy and ~ 1.5 cm vertical accuracy. Equipment used 
included two Trimble AgGPS 442 GNSS receivers (Trimble Navigation Limited, 
Sunnyvale, CA, USA), one designated as a rover unit and the other as the base station. 
The two units maintained communication using a 900 MHz frequency radio transmission. 
Both units received GPS signals from satellites and the rover unit then received 
corrections from the base station to provide increased spatial resolution. All data were 
collected in the geographic coordinate system with the World Geodetic (WGS84) datum, 
revised in 2004. All geo-referenced datasets were projected to the Universal Transverse 
Mercator (UTM) zone 14N coordinate system in the WGS84 datum during post-
processing. 
 
Soil Data 
Spatially referenced soil data layers included apparent soil electrical conductivity 
(ECa) measurements and randomly located soil samples. All data layers were collected 
prior to planting the 2010 crop.  
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Soil ECa readings were collected using a Veris Soil EC 3100 cart. The Veris 3100 
cart used a dual-depth array that provided two spatially referenced on-the-go 
measurements of ECa at 1-second intervals. The Veris 3100 system provides readings at 
the approximate depths of 0-0.3m (ECa-sh) and 0-0.91m (ECa-dp) in millisiemens per meter 
(mS/m). This unit allows for conductivity measurements independent of volume. The 
Veris 3100 cart uses 6 coulter-electrode blades that penetrated the soil at a depth of 0.12 
m. Direct soil contact with the electrodes allows the Veris 3100 system to eliminate 
calibration due to changes in ambient air temperatures, unlike electromagnetic induction 
methods. One pair of coulters injects an electrical current into the soil; the drop in voltage 
is measured by a pair of coulters 0.22 m away and another pair at 0.74 m.  
The procedure for collecting soil ECa measurements involved attaching the Veris 
3100 cart to a four-wheel drive pickup and pulling it through the field at a speed of ~ 16 
km/h. This provided a soil ECa reading every ~ 4.5 m. Each parallel swath through the 
field had a spacing of ~ 9 m apart. This was done to reproduce the producer’s typical 
swath width (12 rows @0.76m/row). The Trimble AgGPS 442 GNSS receiver was 
mounted to the Veris 3100 cart to record RTK GPS position once a second, along with 
soil ECa measurement. The resulting dataset was a geo-referenced point file with each 
data point containing ECa-sh, ECa-dp, latitude, longitude, and elevation information.  
 Randomized soil sampling was performed at each research site. Fifty sampling 
locations were randomly distributed across the study area of each research field. Twelve 
soil sub-samples, at each location were taken, to a depth of ~ 20 cm. Kleen Hole Spade 
soil probes (M&M Supply Co, Clear Lake, IA, USA) with a 2.54-cm diameter were used 
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to collect the samples. The 12 sub-samples were then composited into a single soil 
sample for laboratory analysis.  
Soil samples were analyzed for total soil organic matter (%). Delineation of 
management zones was designed to utilize static soil properties to create zones of yield 
productivity. This allows the producer to form a base management strategy for multiple 
years. Soil organic matter (SOM) is a relatively static soil property if year-to-year 
management practices are fixed. For those reasons only SOM results from the laboratory 
analysis were used in defining management zones. Soil organic matter was estimated 
using the weight loss-on-ignition (LOI). (Cambardella et al., 2001) 
Topographic Data 
At each of the research fields a geo-referenced elevation dataset was also recorded 
during mapping of soil ECa using the Trimble AgGPS 442 units. The elevation dataset 
was measured in meters above mean sea level (MSL). This resulted in elevation data in 
point format at the same accuracy and interval spacing as the previously discussed soil 
ECa data. From the elevation dataset both slope and profile curvature datasets were 
produced using the ArcMap 9.3 GIS software package (ESRI, Redlands, CA, USA).  
The slope of a surface was calculated as the drop or rise in elevation of a location 
and its surroundings. Mathematically, the slope is the first derivative of an elevation 
dataset. Slope is an important factor in surface soil movement due to erosion.  
  Profile curvature datasets are a second derivative of elevation datasets and 
represent the acceleration or deceleration of elevation change. Values that are negative 
denote a concave sloped area, positive values are convex, and values of zero are linearly 
sloped. Convex values correspond to a deceleration of elevation change and can 
potentially be areas of deposition. Conversely concave values potentially represent zone 
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of erosion. This can have an influence on the depth of a soil’s A horizon and potential 
aggregate organic matter.  
 
Bare-Soil Aerial Imagery 
Bare-soil images were collected at each research field on June 3, 2010 using a 
digital camera system on an aerial platform. Cornerstone Mapping Inc. (Lincoln, NE, 
USA) provided geo-referenced digital orthophotographs. Images were collected from a 
nadir position using an Applanix DSS 439 airborne digital camera system (Trimble 
Navigation Limited, Sunnyvale, CA, USA) mounted on a Cessna Skylane II aircraft. The 
Applanix DSS 439 system provides a three band, orthorectified color infrared image. 
Spectral bandwidths for the images were 800-960 nm (NIR), 600-720 nm (Red), and 500-
600 nm (Green). Precision post-processing was performed by Cornerstone Mapping Inc. 
to remove distortion, calibrate 8-bit radiometric resolution, and provide 0.20 m spatial 
resolution. 
 
Yield Data 
Each research field was harvested shortly after physiological maturity using 
commercial harvesting combines equipped with yield monitors and GPS. A Case IH 
combine equipped with an AgLeader yield-monitoring system (AgLeader Technology, 
Inc., Ames, IA, USA) was used to collect yield data on the BR10 research field. On both 
the HU10 and BU10 research fields yield data was acquired using a John Deere combine 
outfitted with a Greenstar yield monitoring system (Deere and Co., Moline, IL, USA). 
The spatial resolution of yield data varied somewhat between fields because of combine 
speed but was ~ 4 m. Yield Editor 1.02 Beta software package (Sudduth and Drummond, 
2007) was used to filter raw yield data points for error. Yield data points were filtered to 
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remove errors caused by grain flow delays, rapid velocity changes, a variation from 
specified combine swath width, and removal of statistical outliers (Sudduth and 
Drummond, 2007). All yield data were adjusted to the standard moisture of 15.5%. 
 
DATA PROCESSING 
 
The soil ECa measurements, elevation, and yield datasets were collected in the 
geospatial vector shapefile point format. Within each of the study areas, samples were 
taken as data points with their specified attributes and associated latitude, longitude, and 
elevation.  
All of the datasets collected for management zone determination required some 
post-processing to allow for statistical comparisons. Data processing consisted of 
removal of statistical outliers, projection to a common coordinate system, joining of all 
measured landscape attributes, soil properties and grain yield. To allow for statistical 
analysis all of the data layers joined at the same spatial resolution. It was also important 
to have all of the measured data at each geo-referenced location of the study area, and at 
the same spatial scale to allow for correct comparisons to be made and accurate 
management zones established. It was critical to set the final spatial resolution of all 
datasets to the layer with the coarsest resolution. This eliminated the possibility of 
artificial precision created from interpolation procedures.  
Nine attributes were identified as possible estimators of production potential in 
commercial cornfields. The nine attributes were broken into three groups; soil properties, 
spectral wavebands, and landscape attributes. The four soil property datasets included 
soil ECa-sh, soil ECa-dp, a ratio of the two soil ECa readings (ECa-ratio), and an estimation of 
SOM. Three digital brightness value datasets were collected from early season aerial 
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imagery. These datasets included bands at the 500-600 nm (green), 600-720 nm (red), 
and 800-960 nm (NIR) wavelengths. The two landscape attributes consisted of % slope 
and profile curvature.  
The progression of taking a collection of raw geo-referenced data points and 
creating zones is a complex and labor-intensive procedure. The multi-step approach of 
delineating zones of relative productivity for management used for this project is 
illustrated in Fig. 2. The flow chart provides a step-by-step account of the data processing 
involved in the delineation of zones. A more detailed description of each of the individual 
processes will be discussed in this section. 
 
Create Fishnet  
 It was essential to convert all datasets to the same spatial scale to facilitate geo-
statistical analysis of multiple data layers. It was important not to impose artificial spatial 
resolution to any of the data collected. Parameters and processes important at one scale 
are frequently not important or predictive at another scale, and information is often lost as 
spatial data are considered at coarser scales of resolution. The spatial scale at which 
patterns are quantified influences the results and measurements made at different scales 
may not be comparable (Turner et al., 1989). 
The “Create Fishnet” tool in the data management toolbox of ArcGIS 9.3 was 
used to build 7.5m by 7.5m cells across the study area of each field. This provided a 
systematic distribution of each value of the nine attributes every 56.25-m2. The area of 
each cell represents the spatial resolution of the coarsest dataset. The fishnet was the 
platform for which multiple datasets could be combined to produce a single cell with 
each of the soil and landscape attributes. Attributes with a higher spatial resolution were 
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averaged within each appropriate 56.25-m2 cell to create a single value for each attribute. 
This enabled comparative analysis to be performed between each of the datasets. Each 
dataset was joined to the fishnet shapefile after processing. Once all the datasets were 
combined at the same geo-located spatial resolution they were imported into Statistical 
Analysis Systems 9.2 (SAS Institute Inc., Cary, North Carolina, USA) for further 
analysis.  
 
Bare-Soil Aerial Imagery  
The bare-soil aerial imagery was in a geo-referenced tagged image file format 
(GeoTIFF). A GeoTIFF is a raster dataset that uses grid cells that contain a geo-
referenced value. Each aerial image was a mosaic of 3 separate GeoTIFF datasets at 500-
600 nm, 600-720 nm, and 800-960 nm wavelengths. The bare-soil images had 0.20 m 
spatial resolution and 8-bit radiometric resolution. Each image contained 0.20 m grid 
cells with a unitless values ranging from 0-255. The amount of SOM in the A horizon of 
a soil has a significant impact on the spectral reflectance characteristics of exposed soils 
(Jenson, 2007). Absorption of incident energy increases as SOM increases.  
 
Soil ECa data 
 For each research field, three ECa datasets were obtained with the Veris 3100 
system. All outliers in the soil ECa datasets were filtered out using ArcGIS 9.3. Outliers 
included points in the dataset when the Veris 3100 cart was turning or negative soil ECa 
readings. Irregular soil-to-coulter contact was common when the Veris cart was turning 
and caused misleading readings.  
Measurements of ECsh and ECdp were identified as possible data layers for 
management zone delineation. For the third dataset, a simple ratio of the ECsh and ECdp 
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(ECratio) readings was performed to create an artificial dataset. The equation ECratio = 
ECsh/ECdp was used to calculate the ratio. All ECratio data had unitless numbers between 
zero and one. ECratio was calculated to potentially highlight areas of the field that have 
highly variable properties through their soil profile. This dataset can also be useful in 
determining shallow soils.  
 
Estimation of SOM 
The presence of SOM has been shown to be an influential factor in N 
mineralization and consequently the availability of inorganic compounds necessary for 
plant growth. Increased SOM has been shown to positively affect crop productivity 
through increases in water holding capacity and nutrient supply. The soil samples 
collected for the study were at a spatial scale too large for site-specific management. A 
software program developed by the USDA-ARS was used to extrapolate the SOM to a 
scale suitable for the purposes of management zone delineation.  
ESAP-95 version 2.01R software package (Lesch, Rhoades, and Corwin, 2000) 
developed at the USDA-ARS George E. Brown Jr., Salinity Laboratory in Riverside, CA 
was used to increase the spatial density of the SOM measurements obtained from the 
random soil samples. This software was used to extrapolate SOM based on geo-
referenced soil ECa measurements. This software was initially developed for mapping 
variability in soil salinity but has also been used for estimating secondary soil properties 
such as SOM. The ESAP-95 V. 2.01R software package contains three programs (ESAP-
RSSD, ESAP-Calibrate, and ESAP-SaltMapper) that were necessary to develop an 
estimated SOM reading for GIS applications. The ESAP-RSSD program was used to 
convert soil ECa data into the software’s usable format and eliminate statistical outliers. 
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ESAP-Calibrate was designed to process soil sample data and estimate stochastic 
calibration equations based on multiple linear regression modeling. ESAP-SaltMapper 
was used to generate geo-referenced estimates of SOM. The finished product from 
ESAP-95 V. 2.01R is an estimate of SOM at each geo-referenced soil ECa data point.  
 
Topographic Data 
 The elevation dataset obtained during the soil ECa measurements used only points 
from the filtered soil ECa datasets. Readings taken when the Veris 3100 cart was turning 
were removed to avoid misleading elevation measurements caused by bouncing of the 
cart. The two datasets analyzed for management zone delineation were slope and profile 
curvature.  
In general, the slope of a landscape affects the rate of water movement down 
gradient. Profile curvature represents the acceleration or deceleration of the slope in the 
steepest direction. Knowing where in a landscape acceleration and deceleration occurs 
allows for mapping zones of deposition or erosion. It has consistently been shown at the 
field scale that surface soil organic C, N, and P concentrations are higher in areas of soil 
accumulation compared to areas of soil removal by erosion (Papiernik et al., 2009). It is 
also important to note that soil concentrations of nutrients and organic matter are higher 
throughout the upper soil horizons in uncultivated landscapes then in eroded cultivated 
landscapes with the same landscape attributes (Gregorich and Anderson, 1985). This 
showed that fields with large landscape variability required responsible soil tillage 
management to maintain soil fertility. 
 Both datasets are derivatives of elevation and were produced using the GIS 
software package ArcGIS 9.3 and Imagine 2010 v. 10.1 (Erdas Inc., Norcross, GA, 
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USA).  The Spatial Analyst toolbox in ArcGIS 9.3 was used to calculate slope. That value 
is described as the maximum rate of elevation change between a cell and its 8 
neighboring cells. This calculation does not specify which of the 8 neighboring cells 
provided the maximum change in elevation.  
 The profile curvature is the second derivative of the elevation dataset. A 4th order 
polynomial was used by ArcGIS 9.3 to calculate the profile curvature. Each pixel in the 
resulting profile curvature dataset has a unitless value either negative or positive. A 
negative profile curvature value denotes a concave curvature, an area of the field with a 
decreasing slope. Areas with decreasing slope are zones in the field where eroded topsoil 
would likely be deposited. Positive values correspond to convex slope positions, sections 
of the field where the slope is increasing. Convex areas will likely have a shallow A 
horizon due to its susceptibility to erosion. Positive value pixels are areas with a potential 
net soil loss. 
Point to Raster 
It was necessary to convert the geospatial vector shapefile point format to a binary 
grid (raster) format so that the elevation dataset could be processed and the slope and 
profile curvature could be calculated. Raster format is a dataset that stores an attribute in 
pixels. The user can determine the size of the pixels that are organized into rows and 
columns. Raster datasets are ideal for representing equally spaced continuous information 
such as elevation.  
The ArcMap 9.3 GIS software package contains a geo-statistical analyst tool that 
allows the user to create raster datasets from vector point data using interpolation. For 
this project, the Inverse Distance Weighting (IDW) interpolation procedure was 
preformed on each dataset. IDW interpolation is a deterministic model that estimates a 
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value at a location based on the weighted observations at neighboring data points. This 
means that points closer to the prediction location will have a greater influence then 
points farther away. This procedure makes the assumption that attributes that are close 
together will be more alike then ones that are farther apart. IDW interpolation is a useful 
procedure when the set of points are dense enough to account for the localized variation 
between points. IDW interpolation is an appropriate technique for elevation data because 
it assumes that the driving force of the variation in a dataset is local. This means that only 
immediately local sampled points will influence predicted values. The elevation data that 
was collected with the Veris Soil EC 3100 cart had a mean distance of 7.5-m between 
points. It was assumed that this was a sufficient density to allow for IDW interpolation to 
be used.  
The specific parameters used for IDW interpolations were set up to account for 
the spatial density and the orientation of the sampling pattern. The user has the ability to 
set up these parameters for a specific sampling density and spatial characteristics of an 
individual dataset. The sampling pattern for the elevation dataset was set up to mimic the 
producer’s existing cropping patterns. This resulted in sampling points having a 4.5-m 
linear spatial resolution and 9.0-m between each pass. All IDW interpolation parameters 
where maintained at each of the research fields.  
One parameter that ArcGIS 9.3 allows the user to select is the number of 
neighboring sampled points that will influence a predicted value. It was important to 
choose a large enough sampling neighborhood to include multiple transects in the 
interpolation of each predicted value. This was due to the density of sampled points being 
much higher along transects then between them. For this project, the sampling 
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neighborhood included between 12 and 15 sampled points. This insured that only points 
within an approximate radius of 12.5 m would influence the value of a predicted pixel, 
still weighted by proximity. 
It was also important to optimize the power of the IDW interpolation. This 
function minimized the root mean square prediction error (RMSPE) by adjusting the 
weights given to the sampled points based on distance from the prediction value. ArcGIS 
9.3 calculates the optimal power from cross-validation. In cross-validation each sampled 
point is removed and compared to a predicted value at that location. ArcGIS 9.3 uses 
multiple powers until it finds the power that produces the lowest RMSPE between the 
sampled value and the predicted value for each sample point. The weights of the sample 
points were calculated as the inverse distance raised to the optimal power. The lower the 
optimal power the more points farther away will influence the predicted value. The 
optimal power was independently calculated for each research site. As a result of the 
IDW interpolation a 1.0-m elevation raster dataset was produced. This allowed for further 
topographic processing to be performed using ArcGIS 9.3.  
 
Filter Slope & Profile Curvature 
 A filtering process was required using Imagine 2010 v. 10.1 so that the elevation 
dataset could be processed and the slope and profile curvature could be calculated. 
Spatial frequency is artificially amplified because slope and profile curvature are 
derivative datasets. A low-pass convolution filter was used to decrease the spatial 
frequency of the slope and profile curvature datasets resulting in a more homogeneous 
dataset. Low-pass convolution filtering tends to reduce deviations from local averages 
and thus smoothes the dataset. Both topographic datasets had a spatial resolution of 1 m, 
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which allowed for some filtering without unacceptable loss of precision. Convolution 
filtering can be defined as averaging the values of a dataset based on local values of 
neighboring cells within a kernel (A 7-cell by 7-cell matrix with low-pass filter 
coefficients to weight the averaging of the target cell). 
Spatially Joining Attribute Layers 
 Once all post-processing was completed it was necessary to combine all of the 
spatially referenced attribute datasets into one singular geo-referenced dataset for each of 
the research sites. The “Spatial Join” tool in ArcGIS 9.3 was used to combine datasets. 
This was necessary for statistical analysis to be performed on the relationship between 
the attributes and yield. ArcGIS 9.3 allowed for the 56.25-m2 cell fishnet shapefile to be a 
target data layer. Each of the 9 attribute datasets was individually spatially joined to the 
fishnet shapefile. For each dataset, all of the data points within a given 56.25-m2 cell 
were averaged to create a single attribute value for each of the fishnet cells. All of the 
joining parameters and cardinality rules associated with the “Spatial Join” ArcGIS tool 
were held constant for each dataset.  
 For the singular management zone delineation across all research sites ArcGIS 
“merge” tool was used to create a single geo-referenced dataset. The combined dataset 
contained all nine attributes and the adjusted yields from each of the three research sites. 
The merging of the three research sites into a singular dataset allowed for management 
zones to be delineated based on all data points collected across each of the fields.  
 
 
ZONE DELINEATION AND DATA ANALYSIS  
 To identify management zones for relative productivity for each of the 3 research 
sites and compare those results with a universal delineation technique (GL10), a two-step 
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process was required for determination of the appropriate zones. Evaluating the combined 
datasets from each of the research sites helped with determining the importance of 
managing fields singularly or collectively. The ability of a producer or consultant to 
create management zones across multiple fields would allow for less labor intensive data 
collection and delineation of management zones. The potential for a reduction in data 
layers required for determination of management zones would also reduce the monetary 
inputs that would be required for variable management within each field. The situation of 
this project represents an extreme case, locations of each of the research sites are a much 
larger distance apart then a typical farmer would have between fields. Variations in soil 
parent material, soil series, average annual precipitation, and average growing degree 
days are much higher between the three research sites then would likely be represented in 
a usual farming situation. Production farmers do not in general manage lands separated 
by hundreds of kilometers. It could be assumed that correlations between multiple fields 
in close proximity would be higher then those for this study.  
 
Pearson Correlation Coefficients 
 Pearson correlation coefficients (r) were calculated between each of the nine 
attributes and corrected yield values. Pearson correlation coefficients are statistics 
between –1 and +1 that measure the association between two independent variables. A 
positive relationship between independent variables is shown with a positive correlation 
and a negative correlation implies an inverse relationship between variables. The closer 
an r value is to –1 or +1 the stronger the degree of association between independent 
variables. Pearson Correlation analysis has been commonly used in comparing multiple 
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spatial datasets for management strategies. Correlation coefficients for each of the 
research fields and the singular dataset are available in Table 8. 
 
Table 8.  Pearson correlation coefficients of soil, landscape, and aerial imagery attributes as they 
relate to adjusted yield for each research site & combination of the research sites 
Landscape, Imagery, and Soil Attribute’s Correlation to Yield 
BR10   BU10  HU10  GL10 
0-0.3m ECa 0.438*  0-0.3m ECa 0.339* 0-0.3m ECa 0.073* 0-0.3m ECa 0.368*
0-0.91m ECa 0.419*  0-0.91m ECa 0.339* 0-0.91m ECa -0.01 0-0.91m ECa 0.390*
ECa Ratio -0.182*  ECa Ratio 0.003 ECa Ratio 0.116* ECa Ratio -0.097*
SOM 0.660*  SOM 0.361* SOM -0.092* SOM 0.505*
% Slope -0.283*  % Slope 0.001 % Slope 0.034 % Slope -0.039*
Profile Curvature 0.279*  Profile Curvature 0.034 Profile Curvature 0.087* Profile Curvature 0.201*
NIR Band -0.664*  NIR Band 0.320* NIR Band 0.128* NIR Band -0.077*
Red Band -0.667*  Red Band 0.184* Red Band 0.127* Red Band -0.122*
Green Band -0.699*   Green Band 0.195*  Green Band 0.159*  Green Band -0.135*
* statistical significance at P< 0.01 
 
Because geo-referenced data were collected across large areas of each production 
cornfield and sample size was high (BR10: n=5786, BU10: n=2447, HU10: n=2411, 
GL10: n=10644), even attributes with low r-values were found to be statistically 
significant. For the BR10 field all attributes were found to be statistically significant at a 
P=0.01 level, while 67% of the attributes for the BU10 field and 78% for the HU10 field 
were found to be significant at that same level. The Pearson correlation coefficients for 
GL10 were all statistically significant at a P=0.01 level. Only those attributes found to be 
statistically significant were considered for input into MZA.  
Research has shown that if correlation analysis is used to make comparisons 
between yield and soil or topographic data, the results should be viewed subjectively and 
mainly used as an indicator of those factors to be included in more scrutinizing analyses 
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(Kitchen et al., 2003). For that reason, Pearson correlation coefficients were used only to 
identify the most appropriate spatial attributes for identifying variability in yields at the 
three study sites and on the combination of all sites. 
 
Management Zone Analyst  
The complex nature of how yield is affected by a number of soil and topographic 
properties makes it unwise to create management zones based solely on single factor 
correlations between grain yield and attributes. Cluster analysis procedures have been 
used to identify areas within a field that have similar landscape and soil properties 
(Fridgen et al., 2004). Unsupervised clustering techniques allow for the creation of 
unique areas or zones within a field with similar attributes without requiring the user to 
define specific criteria for each zone. This clustering technique is used when little 
knowledge of distribution or structure of the data is known. One unsupervised clustering 
technique, fuzzy c-means, has been used for classification of yield data, topographic data, 
soil properties, and remotely sensed images. This procedure uses a weighted exponent to 
control the degree to which membership sharing occurs between classes. 
 The Management Zone Analyst (MZA) software package used in this project was 
developed in 2000 from a collaborative effort between the USDA-ARS Cropping 
Systems and Water Quality Research Unit (CSWQRU) and the University of Missouri. 
MZA allows users to input any quantitative geo-referenced data into the program and 
through fuzzy c-means clustering to identify semi-homogeneous classes for site-specific 
management. Along with classification of zones, MZA provides performance evaluation 
of clustering once zone delineation has been accomplished. Two performance indices are 
calculated by MZA. Normalized classification entropy (NCE) characterizes the amount 
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of disorganization created by dividing a data set into classes. Fuzziness performance 
index (FPI) represents the amount of membership sharing that occurs between classes. 
Performance of the fuzzy c-means clustering analysis is maximized when both NCE and 
FPI are minimized.  
 
Evaluation of Yields within Management Zones  
 
BR10 Site 
 For the BR10 field Pearson correlation coefficients determined the attributes 0-
0.3m ECa, SOM, and the green waveband of the bare soil imagery were the most 
beneficial inputs for productivity zone delineation in MZA. Analysis of both NCE and 
FPI performance indices identified 4 discrete zones as the optimal number to minimize 
class disorganization and sharing between zones (Fig. 3). 
 MZA classified 50 independent areas within the BR10 field that could be 
categorized into four distinct management zones. Ten of those areas were classified as 
zone A, 10 as zone B, 14 as zone C, and 16 as zone D. Statistical means and standard 
deviation were calculated for all processed yield data points within each of the 50 
management areas.  
At the BR10 field site yield data within small plot research area were removed 
from analyses to avoid any bias. As a result, not all of the 50 management areas 
contained data for examination. Mean yields of zone A areas ranged from 77.0 bu/ac to 
133.2 bu/ac and standard deviations were between 25.2 bu/ac to 44.9 bu/ac (Fig. 4). Zone 
B areas mean yields varied between 134.7 bu/ac and 231.5 bu/ac with standard deviations 
ranging from 2.8 bu/ac to 46.2 bu/ac (Fig. 5). Management zone C areas had mean yields 
that varied from 122.2 bu/ac to 190.4 bu/ac and standard deviations from 9.6 to 49.7 
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bu/ac (Fig. 6). Mean yields of zone D areas ranged between 112.1 bu/ac to 235.5 bu/ac 
and had standard deviations between 14.7 bu/ac and 53.3 bu/ac (Fig. 7).  
 The wide range of means of the independent areas within each management zone 
was higher then expected. This could be attributed to the huge variation in sample size (n) 
of each of the independent areas. Some of the MZA delineated management zones had an 
area less than 0.15 acre which allowed for a limited number of yield data points for 
statistical analysis (Table. 5).  
To avoid independent areas with low sample sizes having the same influence as 
areas with large sample sizes each area was weighted by its sample size when calculating 
the overall mean of each management zone. Zone A of field BR10 had an overall 
weighted mean yield of 114.1 bu/ac and a standard deviation of 23.0 bu/ac. The weighted 
mean yield of zone B was 120.7 bu/ac and had a standard deviation of 38.6 bu/ac. The 
weighted mean yield of Zone C was 169.8 bu/ac, with a standard deviation of 20.8bu/ac. 
The weighted mean yield of zone D equaled 204.0 bu/ac and the standard deviation was 
39.8 (Fig. 8). Spatial distribution of delineated management zones is displayed in Fig. 9. 
 
BU10 Site 
 Pearson correlation coefficients determined that the most appropriate attributes to 
use for delineation of productivity zones were 0-0.3m ECa, SOM, and the NIR band from 
the bare soil imagery. NCE and FPI performance indices selected 3 discrete zones as the 
optimal number of zones with minimal class sharing and disorganization (Fig. 10). 
 At the BU10 field site yield data within small plot research area were removed 
from analysis to avoid any bias. MZA identified 15 discrete areas within the BU10 site 
that were categorized into 3 management zones. Six of those areas were classified as 
 70
zone A, 6 as zone B, and 3 as zone C. Mean yields and standard deviation were 
calculated for all processed yield data points within each of the 15 management areas. 
The means of yields for independent areas of zone A for the BU10 site ranged from 115.3 
bu/ac to 199.8 bu/ac. Zone A areas standard deviations of yield varied between 7.9 bu/ac 
and 37.9 bu/ac (Fig. 11). The independent areas of Zone B yields ranged from 138.5 
bu/ac to 233.8 bu/ac for the mean and had standard deviations between 18.8 bu/ac and 
46.4 bu/ac (Fig. 12). Zone C areas means of yields ranged from 148.3 bu/ac to 166.9 
bu/ac and standard deviations varied from 18.8 bu/ac to 31.8 bu/ac (Fig. 13).  
 As was the case with the BU10 site, the wide range of means and standard 
deviations of the independent areas within each management zone was high due to the 
considerable variation in sample sizes (n) of each of the areas. Several of the independent 
areas had areas smaller then 0.01 acre, thus limiting the number of yield data points for 
statistical analysis within each independent area (Table. 6).  
When calculating the statistics for each of the three management zones, weights 
were given to each of the independent areas to account for the differences in sample sizes 
of the areas. Zone A of field BU10 had an overall statistical weighted mean yield of 
146.3 bu/ac and a standard deviation of 29.9 bu/ac. The weighted mean yield of zone B 
was 163.3 bu/ac with a standard deviation of 32.8 bu/ac. Zone C weighted mean yield 
was 166.8 bu/ac with a standard deviation of 13.1 bu/ac (Fig. 14). The spatial distribution 
of each management zone is displayed in Fig. 15.  
 
HU10 Site 
 Pearson correlation coefficients for the HU10 field indicated the most significant 
attributes were SOM, ECa-ratio, and the green waveband of the bare soil imagery. Four 
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discrete zones were calculated using the NCE and FPI performance indices from MZA 
(Fig. 16).  
The producer implemented variable rate management strategies on the southern 
1/3 of the HU10 field, resulting in yield data points being removed from analysis. MZA 
identified 36 discrete areas within the HU10 site that were categorized into four 
management zones. Fourteen of those areas were classified as zone A, 8 as zone B, 10 as 
zone C, and 3 as zone D. Mean yields and standard deviation were calculated for all 
processed yield data points within each of the 36 management areas. Although MZA 
identified four management zones within the HU10 site, all three independent zone D 
areas were located in the southern 1/3 of the field. That prevented any statistical analysis 
of yield data within zone D.  
Mean yields in zone A areas ranged from 117.6 bu/ac to 264.9 bu/ac and standard 
deviations were between 13.1 bu/ac to 31.8 bu/ac (Fig. 17). Zone B areas mean yields 
varied between 190.5 bu/ac and 228.4 bu/ac with standard deviations ranging from 8.1 
bu/ac to 31.3 bu/ac (Fig. 18). Management zone C had mean yields that varied from 
195.7 bu/ac to 206.2 bu/ac and standard deviations from 0 to 40.0 bu/ac (Fig. 19). 
As was the case with the other two sites, the wide range of means and standard 
deviations of the independent areas within each management zone was high due to the 
considerable variation in sample sizes (n) of each of the areas. Several of the independent 
areas had areas smaller then 0.01 acre, this along with the producer’s independent 
management strategy on the southern 1/3 of the field limited the number of yield data 
points for statistical analysis within each independent area (Table. 7).  
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To account for the differences in sample sizes of each independent area, weights 
were given to each of the areas for calculation of zone statistics. Zone A of field HU10 
had an overall weighted mean yield of 194.4 bu/ac and a standard deviation of 44.3 bu/ac. 
The weighted mean yield of zone B was 199.5 bu/ac with a standard deviation of 13.4 
bu/ac. Zone C weighted mean yield was 203.6 bu/ac with a standard deviation of 6.6 
bu/ac (Fig. 20). The spatial distribution of management zones for the HU10 site is 
displayed in Fig. 21.  
 
GL10 Process 
 Pearson correlation coefficients for the GL10 delineation technique determined 0-
0.9m ECa, SOM, and profile curvature were the most beneficial inputs for productivity. 
Analysis of both NCE and FPI performance indices identified six discrete zones as the 
optimal number to minimize class disorganization and sharing between zones (Fig. 22). 
 
  Fig. 22.  GL10 FPI & NCE performance indices 
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MZA identified 87 discrete areas across all research sites. Of the 87 independent 
management areas, 7 were classified as zone A, 21 as zone B, 9 as zone C, 7 as zone D, 
29 as zone E, and 14 areas as zone F. Mean yields and standard deviation were calculated 
for all processed yield data points within 53 of the 87 management areas. Thirty-four of 
the independent areas did not contain yield data points due to the size of the management 
zones, yield data being removed because of ancillary research, or variable management 
strategies unrelated to this project.  
The mean yields in independent areas of zone A ranged from 135.8 bu/ac to 178.2 
bu/ac with standard deviations between 11.1 bu/ac and 35.8 bu/ac (Fig. 23). Only fields 
BR10 and HU10 contained GL10 zone A. Zone B statistical mean yields ranged from 
75.9 bu/ac to 190.9 bu/ac with standard deviations ranging from 3.8 bu/ac to 76.3 bu/ac 
(Fig. 24). GL10 zone B was present in fields BR10 and BU10. Statistical mean yields of 
GL10 zone C varied from 135.1 bu/ac to 200.1 bu/ac with standard deviations between 
9.3 bu/ac and 40.4 bu/ac (Fig. 25). All research sites contained independent areas of 
GL10 zone C. GL10 zone D had statistical mean yields ranging from 150.5 bu/acre to 
208.4 bu/ac. The standard deviations of GL10 zone D had values between 12.8 bu/ac and 
28.7 bu/ac (Fig. 26). Only the HU10 research site contained GL10 zones D. Statistical 
mean yields of GL10 zone E ranged from 95.0 bu/ac to 235.5 bu/ac with standard 
deviations between 0.0 bu/ac and 62.1 bu/ac (Fig. 27). All research sites contained 
independent areas designated as GL10 zone E. GL10 zone F had statistical mean yields 
that varied from 153.2 bu/ac to 237.8 bu/ac. The standard deviations for GL10 zone F 
ranged from 14.2 bu/ac to 54.7 bu/ac (Fig. 28). All research sites contained independent 
areas of GL10 zone F.  
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  Fig. 23.  GL10 zone A individual areas mean grain yield and standard deviations 
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  Fig. 24.  GL10 zone B individual areas mean grain yield and standard deviations 
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  Fig. 25.  GL10 zone C individual areas mean grain yield and standard deviations 
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Fig. 26.  GL10 zone D individual areas mean grain yield and standard deviations 
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Fig. 27.  GL10 zone E individual areas mean grain yield and standard deviations 
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Fig. 28.  GL10 zone F individual areas mean grain yield and standard deviations 
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The GL10 zones had a wide range of mean yields and standard deviations 
between independent areas, similar to the field specific management zone delineation 
techniques. This can be attributed to the considerable variation in sample sizes (n) of each 
of the independent areas. There also is inherently some variability in yield data collected 
via yield monitors. Even though Yield Editor 1.02 Beta software does remove a great 
deal of the yield variability associated with grain flow delays and rapid velocity changes 
of the combine some point-to-point variability in grain yield will still be present. Several 
of the independent areas had areas smaller then 0.01 acre, thus limiting the number of 
yield data points for statistical analysis within each independent area (Table. 9).  
 
Table 9.  GL10 management zones individual areas yield data populations 
Zone A Zone B Zone C Zone D Zone E Zone F 
Zone ID n Zone ID n Zone ID n Zone ID n Zone ID n Zone ID n 
56 3 2 80 55 158 75 34 3 4 6 175 
61 1012 11 61 70 104 78 9 4 113 7 301 
63 39 42 10 89 25 79 252 5 3 19 44 
64 4 44 2 90 6025 80 491 8 25 43 229 
65 107 45 82   85 263 9 3 49 14 
67 35 47 57   97 1220 12 21 52 27 
  50 27     46 53 66 7273
  54 12     48 12 69 2 
  57 103     53 11 72 8556
  58 62     68 1 74 364 
  59 2     71 64   
  60 3     73 32   
  62 12     76 36   
  77 8         
* n = yield data population size 
 
 
When calculating the statistics for each of the six management zones, weights 
were given to each of the independent areas to account for the differences in sample sizes 
of each area. Zone A of the GL10 management zone delineation technique had an overall 
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weighted mean yield of 143.8 bu/ac and a standard deviation between independent areas 
of 15.2 bu/ac. The weighted mean yield of zone B was 151.1 bu/ac and had a standard 
deviation of 32.2 bu/ac. Zone C weighted mean yield was 198.8 bu/ac with a standard 
deviation of 30.4 bu/ac. The weighted mean yield of zone D was 196.5 bu/ac with a 
standard deviation of 23.6 bu/ac. Zone E weighted mean yield was 191.9 bu/ac with a 
standard deviation of 34.5. The weighted mean of zone F was 183.0 bu/ac with a standard 
deviation of 29.7 bu/ac (Fig. 29). The spatial distribution of each management zone 
within each of the three research sites is displayed in Fig. 30, Fig. 31, and Fig. 32. 
 
 
Fig. 29.  GL10 weighted mean yield and standard deviation by zone 
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  Fig. 30.   Spatial distribution of GL10 management zones at BR10 site 
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  Fig. 31.   Spatial distribution of GL10 management zones at HU10 site 
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  Fig. 32.   Spatial distribution of GL10 management zones at HU10 site 
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DISCUSSION 
 The three research sites were specifically chosen to evaluate how management 
zone delineation is affected by differences in soil type, historic average precipitation and 
GDD, and topography. Typical commercial growers do not have fields with the diversity 
in properties and climate represented by sites used for this project. Using a universal 
delineation technique for these sites would be less helpful then with for producer with 
fields more locally distributed. The Field specific management delineation techniques 
(BR10, BU10, and HU10) were superior to the universal delineation technique (GL10) in 
identifying stratified zones of productivity potential for each of the sites (Fig. 33, Fig. 34, 
Fig. 35). The BR10 site had the largest amount of data points (BR10=5786) for zone 
delineation in MZA of any of the sites (BU10=2447 & HU10=2411). As a result Pearson 
correlation coefficients were most influenced by the BR10 site’s attribute relationships 
with adjusted grain yield. Further analysis using weighted values of each of the sites 
based on the number of data points within each field would change the Pearson 
correlation coefficient for each attribute and possibly inputs into MZA. 
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  Fig. 33.  GL10 & BR10 weighted mean yields and standard deviations by zone 
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 * Yellow columns denote GL10 zones & blue columns signify BR10 zones at the BR10 site 
  
 
 Fig. 34.  GL10 & BU10 weighted mean yields and standard deviations by zone 
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 *  Yellow columns denote GL10 zones & blue columns signify BU10 zones at the BU10 site 
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 Fig. 35. GL10 & HU10 weighted mean yields and standard deviations by zone 
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* Yellow columns denote GL10 zones & blue columns signify BU10 zones at the BU10 site  
 
Previous research has shown significant temporal changes in yield patterns within 
a single field over a 5-year period (Schepers et al., 2004). That research indicated that 
climatic influences during the growing season are likely to change relationships between 
yield productivity and management zones. This project was conducted over a single 
growing season and largely ignored the influence of year-to-year temperature and 
precipitation variability. Normalizing yields over multiple years would provide 
management zones that are less dependent on in-season weather patterns. Theoretically, 
correlations between normalized yield data and spatial attributes would be more 
representative of average growing conditions and allow for producers to adjust for yearly 
weather influence during the growing season.  
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 The GL10 zone delineation technique determined that six zones were most 
appropriate for isolating the variability across all of the research sites. None of the fields 
contained all six classes determined by MZA. The GL10 management zones determined 
by MZA separated the fields from each other instead of separating each of field into 
zones of productivity potential. Using GL10 zone delineation the BR10 site was 
comprised mainly of zones A & F, BU10 almost completely by zone F, and HU10 was 
dominated by zones C & D. Zones B & E were inconsequential in delineation of 
management zones. Out of 10,644 yield data points only 521 were located within a zone 
B across all fields and zone E had only 378 yield data points across all fields. Zones B & 
E also had the highest standard deviation by zone, 32.2 bu/ac and 34.5 bu/ac respectively.  
It is also important to note that zones that represented high productivity potential in one 
field did not correspond to high productivity potential zones in other fields (Figs. 23-28).  
The HU10 site showed very low correlation among all attributes and grain yield 
(Table 8). Low correlations were likely a result of the HU10 site receiving 10.77 cm of 
precipitation in the month of May and 22.28 cm of precipitation in the month of June 
(Table 2). The majority of June precipitation occurred on 2 separate occasions before 
much N uptake by the plants had occurred. Since the bulk of available nutrients are being 
stored in the soil, intense precipitation events could have resulted in relocation of mobile 
nutrients, which would distort the relationships between yield and soil properties and 
landscape attributes. Both the BR10 and BU10 sites have coarser soil texture than HU10, 
allowing for higher rates of infiltration. The higher clay content and finer soil texture of 
the HU10 site does not allow for rapid infiltration of precipitation, potentially increasing 
the impact of erosion and lateral movement of mobile nutrients. Although the impact of 
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nutrient movement due to runoff would be reduced at the BR10 and BU10 sites, leaching 
of mobile nutrients is a concern.  
 
 
CONCLUSIONS 
Using a universal management zone delineation technique across multiple sites is 
not an appropriate method for determining zones of potential productivity. Combining 
data from multiple locations only serves to mask within field variability. Zones in 
different fields that are determined to have equivalent soil and landscape properties in 
MZA do not represent equivalent productivity potential. Soil ECa measurements for each 
of the research locations were taken on separate days. The magnitude of soil ECa 
measurements is affected by soil temperature and soil moisture. This makes comparisons 
of soil ECa measurements across fields inappropriate. Similarly the aerial images for each 
of the research sites had varying amounts of solar radiation during acquisition making 
comparisons among fields unsuitable. It could prove to be beneficial to investigate 
normalizing the soil properties datasets and the aerial imagery to allow for a more 
suitable comparison between sites. The profile curvature dataset was identified through 
Pearson correlation coefficients as an optimal input into MZA because measured values 
are not influenced by temporal soil moisture and temperature.  A more appropriate use 
for a singular delineation technique across multiple locally distributed fields would be to 
identify the potential for adjusting management strategies among fields based on soil and 
landscape properties.  
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CHAPTER 3, 
Determining the Effective Spatial Scale for Accurate Delineation of 
Relative Productivity Zones on Irrigated Corn in Nebraska 
 
 
 
OBJECTIVES 
The objectives of this study were to (1) identify the most appropriate combination 
of soil properties and landscape attributes for creating zones of relative productivity in a 
commercial cornfield at four different spatial resolutions. (2) Determine the required 
spatial resolution for effective delineation of management zones in a commercial 
cornfield. Maximizing the variability between zones while minimizing within zone 
variability identified effective delineation of management zones. 
 
MATERIALS AND METHODS 
 
 
Research Field 
A producer cornfield located at the NW ¾, W ½, sec. 29, T.15N., R.6W., and 6th 
P.M., Merrick County, NE (BR10) during was selected during the 2010 growing season. 
The BR10 study site was irrigated during the growing season using a sprinkler-irrigation 
pivot system. The previous year’s crop was a soybean. The BR10 field provided a range 
of topographic features on varying soil types (Table 1). That allowed for multiple 
interactions between soil properties and landscape properties to influence yields. The 
BR10 field had approximately 13 m of relief and an average annual rainfall of 49.17 cm 
(Table 2).  
 
Field Treatments 
It was important to maintain consistent management practices across the study 
site to highlight the yield response to varying landscapes and soil properties. The study 
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area was established in the research field where management practices were 
homogeneous. The study area covered 38.49 ha and was managed by the producer in 
accordance with recommended agronomic management practices (Table 3). The producer 
performed all in-season management including irrigation scheduling, fertilizer 
application, herbicide implementation, and any as-needed insecticide applications. 
 
DATA COLLECTION 
 
Data were collected at times that approximated the times that conventional field 
operations would occur for each producer. This was done to identify the possibility of 
providing usable data that could be collected by the farmer during normal field activities. 
Data were collected along transects that mimic the pattern of field operations. The BR10 
sited implemented management practices that require a pass through the field every 9.144 
m. It was important for this project to identify the producer’s patterns for determining the 
spatial density of data collection for zone delineation. Collecting data at a spatial scale 
identical to the farmer allowed for identifying landscape and soil attributes that could be 
found during typical management procedures. Collection of data for zone delineation can 
be accomplished without requiring the farmer to make additional passes through a field 
for data collection. This practice created a point dataset with a non-uniform spatial 
density. Data along each transect through the field provided a 4.5m spatial resolution but 
a 9.0m spatial resolution between transects.  
  Data were geo-referenced using a real-time kinetic (RTK) global positioning 
system (GPS) providing ~ 1 cm horizontal accuracy and ~ 1.5 cm vertical accuracy. 
Equipment used included two Trimble AgGPS 442 GNSS receivers (Trimble Navigation 
Limited, Sunnyvale, CA, USA), one designated as a rover unit and the other as the base 
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station. The two units maintained communication using a 900 MHz frequency radio 
transmission. Both units received GPS signals from satellites and the rover unit then 
received corrections from the base station to provide increased spatial resolution. All data 
were collected in the geographic coordinate system with the World Geodetic (WGS84) 
datum, revised in 2004. All geo-referenced datasets were projected to the Universal 
Transverse Mercator (UTM) zone 14N coordinate system in the WGS84 datum during 
post-processing. 
 
Soil Data 
Spatially referenced soil data layers included apparent soil electrical conductivity 
(ECa) measurements and randomly located soil samples. Soil data layers were collected 
prior to planting of the 2010 crop.  
The soil ECa readings were collected using a Veris Soil EC 3100 cart. The Veris 
3100 cart used a dual-depth array that provided two spatially referenced on-the-go 
measurements of ECa at 1-second intervals. The Veris 3100 system provides readings at 
the approximate depths of 0-0.3m (ECsh) and 0-0.91m (ECdp) in milliSiemens per meter 
(mS/m). This scientific unit allows for conductivity measurements independent of 
volume. The Veris 3100 cart uses 6 coulter-electrode blades that penetrated the soil at a 
depth of 0.12 m. Direct soil contact with the electrodes allows the Veris 3100 system to 
eliminate calibration due to changes in ambient air temperatures, unlike electromagnetic 
induction methods. One pair of coulters injects an electrical current into the soil; a pair of 
coulters 0.22 m away and another pair at 0.74 m away measure the drop in voltage.  
The procedure for collecting soil ECa measurements involved attaching the Veris 
3100 cart to a four-wheel drive pickup and pulling it through the field at a speed of ~ 16 
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km/h. This provided a soil ECa reading every ~ 4.5 m. Each parallel swath through the 
field had a spacing of ~ 9 m apart. This was done to reproduce the producer’s typical 
swath width (12 rows @ 0.76 m). The Trimble AgGPS 442 GNSS receiver was mounted 
to the Veris 3100 cart to record RTK GPS position once a second, along with soil ECa 
measurements. The resulting dataset was a geo-referenced point file with each data point 
containing ECa-sh, ECa-dp, latitude, longitude, and elevation information. 
Fifty soil-sampling locations were randomly distributed across the BR10 research 
field. 12 soil sub-samples, at each location were taken, to a depth of ~ 20 cm. Kleen Hole 
Spade soil probes (M&M Supply Co, Clear Lake, IA, USA) with a 2.54 cm diameter 
were used to collect the samples. The 12 sub-samples were then composited into a single 
soil sample for laboratory analysis.  
Soil samples were analyzed for total soil organic matter (%). Delineation of 
management zones was designed to utilize static soil properties to create zones of yield 
productivity. This allows the producer to form a base management strategy for multiple 
years. Soil organic matter (SOM) is a relatively static soil property if year-to-year 
management practices are fixed. For those reasons only SOM results from the laboratory 
analysis were used in defining management zones. Soil organic matter was estimated 
using the weight loss-on-ignition (LOI). (Cambardella et al., 2001) 
 
Topographic Data 
A geo-referenced elevation dataset was also recorded during mapping of soil ECa 
using the Trimble AgGPS 442 units. The elevation dataset was measured in meters above 
mean sea level (MSL). This resulted in elevation data in point format at the same 
accuracy and interval spacing as the previously discussed soil ECa data. From the 
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elevation dataset both slope and profile curvature datasets were calculated using the 
ArcMap 9.3 GIS software package (ESRI, Redlands, CA, USA).  
The slope of a surface was calculated as the drop or rise in elevation of a location 
and compared to its surroundings. Mathematically, the slope is the first derivative of an 
elevation dataset. Slope is an important factor in surface soil movement due to erosion.  
Profile curvature datasets are a second derivative of elevation datasets and 
represent the acceleration or deceleration of elevation change. Values that are negative 
denote a concave sloped area, positive values are convex, and values of zero are linearly 
sloped. Convex values correspond to a deceleration of elevation change and can 
potentially be areas of deposition. Conversely concave values potentially represent zone 
of erosion. This can have an influence on the depth of a soil’s A horizon and potential 
aggregate organic matter.  
 
Bare-Soil Aerial Imagery 
A bare-soil image was collected on June 3, 2010 using a digital camera system on 
an aerial platform. Cornerstone Mapping Inc. (Lincoln, NE, USA) provided geo-
referenced digital orthophotograph. The Image was collected from a nadir position using 
an Applanix DSS 439 airborne digital camera system (Trimble Navigation Limited, 
Sunnyvale, CA, USA) mounted on a Cessna Skylane II aircraft. The Applanix DSS 439 
system provides a three band, orthorectified color infrared image. Spectral bandwidths 
for the image were 800-960 nm (NIR), 600-720 nm (Red), 500-600 nm (Green). 
Precision post-processing was performed by Cornerstone Mapping Inc. to remove 
distortion, calibrate 8-bit radiometric resolution, and provide 0.20 m spatial resolution. 
 92
Yield Data 
The BR10 research site was harvested shortly after physiological maturity using a 
Case IH combine equipped with an AgLeader yield-monitoring system (AgLeader 
Technology, Inc., Ames, IA, USA) equipped with GPS. Spatial resolution of yield data 
was approximately 4 m. Yield Editor 1.02 Beta software package (Sudduth and 
Drummond, 2007) was used to filter raw yield data points for error. Yield data points 
were filtered to remove errors caused by grain flow delays, rapid velocity changes, a 
variation from specified combine swath width, and removal of statistical outliers 
(Sudduth and Drummond, 2007). All yield data were adjusted to the standard moisture of 
15.5%. 
 
DATA PROCESSING 
 
The soil ECa measurements, elevation, and yield datasets were collected in the 
geospatial vector shapefile point format. Each sample was taken as a data point with its 
specified attribute and associated latitude, longitude, and elevation.  
All of the datasets collected for management zone determination required some 
post-processing to allow for statistical comparisons. Data processing consisted of 
removal of statistical outliers, projection to a common coordinate system, joining of all 
measured landscape attributes, soil properties and grain yield. To allow for statistical 
analysis all of the data layers were joined at the same spatial resolution. It was also 
important to have all of the measured data at each geo-referenced location of the study 
area, and at the same spatial scale to allow for correct comparisons to be made and 
accurate management zones established. It was critical to set the final spatial resolution of 
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all datasets to the layer with the coarsest resolution. This eliminated the possibility of 
artificial precision created from interpolation procedures. 
Nine attributes were identified as possible estimators of production potential in 
commercial cornfields. The nine attributes were broken into three groups: soil properties, 
spectral wavebands, and landscape attributes. The four soil property datasets included 
soil ECsh, soil ECdp, a ratio of the two soil EC readings (ECratio), and an estimation of 
SOM. Three digital brightness value datasets were collected from early season aerial 
imagery. These datasets included bands at the 500-600 nm, 600-720 nm, and 800-960 nm 
wavelengths. The two landscape attributes consisted of % slope and profile curvature.  
The progression of taking a collection of raw geo-referenced data points and 
creating zones is a complex and labor-intensive procedure. The multi-step approach of 
delineating zones of relative productivity for management used for this project is 
illustrated in Fig. 2. The flow chart provides a step-by-step account of the data processing 
involved in the delineation of zones. A more detailed description of each of the individual 
processes will be discussed in this section. 
 
Create fishnet 
It was essential to convert all datasets to the same spatial scale to facilitate geo-
statistical analysis of multiple data layers. Parameters and processes important at one 
scale are frequently not important or predictive at another scale, and information is often 
lost as spatial data are considered at coarser scales of resolution. The spatial scale at 
which patterns are quantified influences the results and measurements made at different 
scales may not be comparable (Turner et al., 1989). 
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The “Create Fishnet” tool in the data management toolbox of ArcGIS 9.3 was 
used to build uniform cells at four separate spatial resolutions across the study area. The 
four spatial resolutions used in this study were 2m by 2 m (4 m2), 5m by 5m (25m2), 10 
m by 10 m (100 m2), and 30 m by 30 m (900 m2). The fishnet was the platform for which 
multiple datasets could be combined to produce a single cell with each of the soil and 
landscape attributes. Attributes with a higher spatial resolution were averaged within each 
appropriate cell to create a single value for each attribute. This enabled comparative 
analysis to be performed between the datasets at each of the spatial resolutions.  
For each fishnet cell at the 2 m spatial resolution approximately four points were 
averaged. At the 5 m spatial resolution ~ 25 points were averaged within each fishnet 
cell. The mean of ~ 80 points was calculated for each fishnet cell at the 10 m resolution. 
For each fishnet cell at the 30 m resolution ~ 900 points were averaged.  
Once each of the datasets was processed it was then joined to the fishnet 
shapefile. After all the datasets were combined at the same geo-located spatial resolution 
they were imported into Statistical Analysis Systems 9.2 (SAS Institute Inc., Cary, North 
Carolina, USA) for further analysis.  
 
Bare-Soil Aerial Imagery 
The bare-soil aerial image was in a geo-referenced tagged image file format 
(GeoTIFF). A GeoTIFF is a raster dataset that uses grid cells that contain a geo-
referenced value. The image was a mosaic of three separate GeoTIFF datasets at 500-600 
nm, 600-720 nm, and 800-960 nm wavelengths. The bare-soil image had 0.20 m spatial 
resolution and 8-bit radiometric resolution. The image contained 0.20 m grid cells with a 
unitless values ranging from 0-255. The amount of SOM in the A horizon of a soil has a 
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significant impact on the spectral reflectance characteristics of exposed soils (Jenson, 
2007). Absorption of incident energy increases as SOM increases.  
Soil ECa Data 
Three ECa datasets were obtained with the Veris 3100 system. All outliers in the 
soil ECa datasets were filtered out using ArcGIS 9.3. Outliers included points in the 
dataset when the Veris 3100 cart was turning or negative soil ECa readings. Irregular soil-
to-coulter contact was common when the Veris cart was turning and caused misleading 
readings.  
Measurements of ECsh and ECdp were identified as possible data layers for 
management zone delineation. For the third, dataset a simple ratio of the ECsh and ECdp 
(ECratio) readings was performed to create an artificial dataset. The equation ECratio = 
ECsh/ECdp was used to calculate the ratio. All ECratio data had unitless numbers between 
zero and one. ECratio was calculated to potentially highlight areas of the field that have 
highly variable properties through their soil profile. This dataset can also be useful in 
determining shallow soils. 
 
Estimation of SOM 
The presence of SOM has been shown to be an influential factor in N 
mineralization and consequently the availability of inorganic compounds necessary for 
plant growth. Increased SOM has been shown to positively affect crop productivity 
through increases in water holding capacity and nutrient supply. The soil samples 
collected for the study were at a spatial scale too large for site-specific management. A 
software program developed by the USDA-ARS was used to extrapolate the SOM to a 
scale suitable for the purposes of management zone delineation.  
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ESAP-95 version 2.01R software package (Lesch, Rhoades, and Corwin, 2000) 
developed at the USDA-ARS George E. Brown Jr., Salinity Laboratory in Riverside, CA 
was used to increase the spatial density of the SOM measurements obtained from the 
random soil samples. This software was used to extrapolate SOM based on geo-
referenced soil ECa measurements. This software was initially developed for mapping 
variability in soil salinity but has also been used for estimating secondary soil properties 
such as SOM. The ESAP-95 V. 2.01R software package contains three programs (ESAP-
RSSD, ESAP-Calibrate, and ESAP-SaltMapper) that were necessary to develop an 
estimated SOM reading for GIS applications. The ESAP-RSSD program was used to 
convert soil ECa data into the software’s usable format and eliminate statistical outliers. 
ESAP-Calibrate was designed to process soil sample data and estimate stochastic 
calibration equations based on multiple linear regression modeling. ESAP-SaltMapper 
was used to generate geo-referenced estimates of SOM. The finished product from 
ESAP-95 V. 2.01R is an estimate of SOM at each geo-referenced soil ECa data point. 
 
Topographic Attributes 
In general, the slope of a landscape affects the rate of water movement down 
gradient. Profile curvature represents the acceleration or deceleration of the slope in the 
steepest direction. Knowing where in a landscape acceleration and deceleration occurs 
allows for mapping zones of deposition or erosion. It has consistently been shown at the 
field scale that surface soil organic C, N, and P concentrations are higher in areas of soil 
accumulation compared to areas of soil removal by erosion (Papiernik et al., 2009). It is 
also important to note that soil concentrations of nutrients and organic matter are higher 
throughout the upper soil horizons in uncultivated landscapes then in eroded cultivated 
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landscapes with the same landscape attributes (Gregorich and Anderson, 1985). This 
showed that fields with large landscape variability require responsible soil tillage 
management to maintain soil fertility.  
The elevation dataset was obtained during soil ECa data collection and used only 
points from the filtered soil ECa dataset. Readings taken when the Veris 3100 cart was 
turning were removed to avoid misleading elevation measurements caused by bouncing 
of the cart. The two datasets analyzed for management zone delineation were slope and 
profile curvature. 
Both slope and profile curvature are derivatives of elevation and were calculated 
using the GIS software package ArcGIS 9.3 and Imagine 2010 v. 10.1 (Erdas Inc., 
Norcross, GA, USA).  The Spatial Analyst toolbox in ArcGIS 9.3 was used to calculate 
slope. That value is described as the maximum rate of elevation change between a cell 
and its 8 neighboring cells. This calculation does not specify which of the 8 neighboring 
cells provided the maximum change in elevation.  
 The profile curvature is the second derivative of the elevation dataset. A 4th order 
polynomial was used by ArcGIS 9.3 to calculate the profile curvature. Each pixel in the 
resulting profile curvature dataset has a unitless value either negative or positive. A 
negative profile curvature value denotes a concave curvature, an area of the field with a 
decreasing slope. Areas with decreasing slope are zones in the field where eroded topsoil 
would likely be deposited. Positive values correspond to convex slope positions, sections 
of the field where the slope is increasing. Convex areas will likely have a shallow A 
horizon due to its susceptibility to erosion. Positive value pixels are areas with a potential 
net soil loss. 
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Point to Raster 
It was necessary to convert the geospatial vector shapefile point format to a binary 
grid (raster) format so that the elevation dataset could be processed and the slope and 
profile curvature could be calculated. Raster format is a dataset that stores an attribute in 
pixels. The user can determine the size of the pixels that are organized into rows and 
columns. Raster datasets are ideal for representing equally spaced continuous information 
such as elevation.  
The ArcMap 9.3 GIS software package contains a geo-statistical analyst tool that 
allows the user to create raster datasets from vector-point data using interpolation. For 
this project, the Inverse Distance Weighting (IDW) interpolation procedure was 
preformed on each dataset. IDW interpolation is a deterministic model that estimates a 
value at a location based on the weighted observations at neighboring data points. IDW 
interpolation is a useful procedure when the set of points are dense enough to account for 
the localized variation between points. IDW interpolation is an appropriate technique for 
elevation data because it assumes that the driving force of the variation in a dataset is 
local. This means that only immediately local sampled points will influence predicted 
values. The elevation data that was collected with the Veris Soil EC 3100 cart had a mean 
distance of 7.5 m between points. It was assumed that this was a sufficient density to 
allow for IDW interpolation to be used. 
The specific parameters used for IDW interpolations were set up to account for 
the spatial density and the orientation of the sampling pattern. The user has the ability to 
set up these parameters for a specific sampling density and spatial characteristics of an 
individual dataset. The sampling pattern for the elevation dataset was set up to mimic the 
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producer’s existing cropping patterns. This resulted in sampling points having a 4.5-m 
linear spatial resolution and 9.0-m between each pass.  
One parameter that ArcGIS 9.3 allows the user to select is the number of 
neighboring sampled points that will influence a predicted value. It was important to 
choose a large enough sampling neighborhood to include multiple transects in the 
interpolation of each predicted value. This was due to the density of sampled points being 
much higher along transects then between them. A sampling neighborhood between 12 
and 15 points was used for the project. This insured that only points within an 
approximate radius of 12.5 m would influence the value of a predicted pixel, still 
weighted by proximity. 
It was also important to optimize the power of the IDW interpolation. This 
function minimized the root mean square prediction error (RMSPE) by adjusting the 
weights given to the sampled points based on distance from the prediction value. ArcGIS 
9.3 calculates the optimal power from cross-validation. In cross-validation, each sampled 
point is removed and compared to a predicted value at that location. ArcGIS 9.3 uses 
multiple powers until it finds the power that produces the lowest RMSPE between the 
sampled value and the predicted value for each sample point. The weights of the sample 
points were calculated as the inverse distance raised to the optimal power. The lower the 
optimal power the more points farther away will influence the predicted value. The 
optimal power was independently calculated for spatial resolution. As a result of the IDW 
interpolation a 1.0 m elevation raster dataset was produced. This allowed for further 
topographic processing to be performed using ArcGIS 9.3.  
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Filter Slope & Profile Curvature 
A filtering process was required using Erdas Imagine 2010 v. 10.1 so that the 
elevation dataset could be processed and the slope and profile curvature could be 
calculated. Spatial frequency is artificially amplified because slope and profile curvature 
are derivative datasets. A low-pass convolution filter was used to decrease the spatial 
frequency of the slope and profile curvature datasets resulting in a more homogeneous 
dataset. Low-pass convolution filtering tends to reduce deviations from local averages 
and thus smoothes the dataset. Both topographic datasets had a 1.0 m spatial resolution, 
which allowed for some filtering without unacceptable loss of precision. Convolution 
filtering can be defined as averaging the values of a dataset based on local values of 
neighboring cells within a kernel (7-cell by 7-cell matrix with low-pass filter coefficients 
to weight the averaging of the target cell).  
 
Spatially Joining Attribute Layers 
Once all post-processing was completed it was necessary to combine all of the 
spatially referenced attribute datasets into one singular geo-referenced dataset. The 
“Spatial Join” tool in ArcGIS 9.3 was used to combine datasets. This was necessary for 
statistical analysis to be performed on the relationship between the attributes and yield. 
All of the joining parameters were held constant for each dataset.  
 ArcGIS 9.3 allowed each of the fishnet shapefiles at varying spatial resolutions to 
be a target data layer. The target data layer determines the spatial resolution that each 
attribute dataset will be averaged to. Each of the 9 attribute datasets was individually 
spatially joined to the fishnet shapefiles. Only fishnet cells containing data from all 9 of 
the attribute datasets was used for delineating management zones. The mean value of all 
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data points located within a given cell was used to create a single attribute value of each 
of dataset within a fishnet cell.  
 
 
ZONE DELINEATION AND DATA ANALYSIS 
 
Pearson Correlation Coefficients  
Pearson correlation coefficients (r) were calculated between each of the nine 
attributes and corrected yield values at all four spatial resolutions. Pearson correlation 
coefficients are statistics between –1 and +1 that measure the association between two 
independent variables. A positive relationship between independent variables is shown 
with a positive correlation and a negative correlation implies an inverse relationship 
between variables. The closer an r value is to –1 or +1 the stronger the degree of 
association between independent variables. Pearson Correlation analysis has been 
commonly used in comparing multiple spatial datasets for management strategies. 
Correlation coefficients at each spatial resolution are available in Table 10. 
 
Table 10.  Pearson correlation coefficients of soil, landscape, and aerial imagery attributes as they 
relate to adjusted yield for the BR10 research site at four separate spatial resolutions 
Landscape, Imagery, and Soil Attribute's Correlation to Yield 
BR10 2m   BR10 5m  BR10 10m  BR10 30m 
0-0.3m ECa 0.429*  0-0.3m ECa 0.442*  0-0.3m ECa 0.458*  0-0.3m ECa 0.480*
0-0.91m ECa 0.403*  0-0.91m ECa 0.420*  0-0.91m ECa 0.437*  0-0.91m ECa 0.442*
ECa Ratio -0.158*  ECa Ratio -0.173*  ECa Ratio -0.182*  ECa Ratio -0.189*
SOM 0.640*  SOM 0.660*  SOM 0.678*  SOM 0.702*
% Slope -0.246*  % Slope -0.284*  % Slope -0.314*  % Slope -0.359*
Profile Curvature 0.115*  Profile Curvature 0.238*  Profile Curvature 0.337*  Profile Curvature 0.373*
NIR Band -0.656*  NIR Band -0.678*  NIR Band -0.702*  NIR Band -0.729*
Red Band -0.683*  Red Band -0.709*  Red Band -0.730*  Red Band -0.716*
Green Band -0.662*   Green Band -0.685*  Green Band -0.704*  Green Band -0.684*
* Statistical significance at P< 0.01 
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Because geo-referenced data were collected across a large area of the BR10 
commercial cornfield and sample size was high (2 m: n=96,903, 5 m: n=15,924, 10 m: 
n=4076, 30 m: n=530), even attributes with low r values were found to be statistically 
significant. For all spatial resolutions of the BR10 field all attributes were found to be 
statistically significant at a P=0.01 level. Research has shown that if correlation analysis 
is used to make comparisons between yield and soil or topographic data, the results 
should be viewed subjectively and mainly used as an indicator of those factors to be 
included in more scrutinizing analyses (Kitchen et al., 2003). For that reason, Pearson 
correlation coefficients were used only to identify the most appropriate spatial attributes 
for identifying variability in yields at the four spatial resolutions. 
 
Management Zone Analyst 
 The complex nature of how yield is affected by a number of soil and 
topographic properties makes it unwise to create management zones based solely on 
single factor correlations between grain yields and attributes. Cluster analysis procedures 
have been used to identify areas within a field that have similar landscape and soil 
properties (Fridgen et al., 2004). Unsupervised clustering techniques allow for the 
creation of unique areas or zones within a field with similar attributes without requiring 
the user to define specific criteria for each zone. This clustering technique is used when 
little knowledge of distribution or structure of the data is known. One unsupervised 
clustering technique, fuzzy c-means, has been used for classification of yield data, 
topographic data, soil properties, and remotely sensed images. This procedure uses a 
weighted exponent to control the degree to which membership sharing occurs between 
classes. 
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 The Management Zone Analyst (MZA) software package used in this project was 
developed in 2000 from a collaborative effort between the USDA-ARS Cropping 
Systems and Water Quality Research Unit (CSWQRU) and the University of Missouri. 
MZA allows users to input any quantitative geo-referenced data into the program and 
through fuzzy c-means clustering to identify semi-homogeneous classes for site-specific 
management. Along with classification of zones, MZA provides performance evaluation 
of clustering once zone delineation has been accomplished. Two performance indices are 
calculated by MZA. Normalized classification entropy (NCE) characterizes the amount 
of disorganization created by dividing a data set into classes. Fuzziness performance 
index (FPI) represents the amount of membership sharing that occurs between classes. 
Performance of the fuzzy c-means clustering analysis is maximized when both NCE and 
FPI are minimized. 
 
Evaluation of Yields within Management Zones 
BR10 2m 
 Pearson correlation coefficients for the BR10 site at a 2 m spatial resolution 
determined the attributes 0-0.3m ECa, SOM, and the red waveband of the bare soil 
imagery were the most beneficial inputs for productivity zone delineation in MZA (Table 
10). Analysis of both NCE and FPI performance indices identified four discrete zones as 
the optimal number to minimize class disorganization and sharing between zones (Fig. 
36). 
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  Fig. 36.  BR10 site at 2m spatial resolution FPI & NCE performance indices 
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MZA classified 194 independent areas within the BR10 field that could be 
categorized into four distinct management zones. At the BR10 field site yield data within 
unrelated research areas were removed from analyses to avoid any bias. As a result, not 
all of the 194 management areas contained yield data for examination. Only 84 of the 194 
independent areas within the BR10 field contained yield data. Twenty-five of those areas 
were classified as zone A, 25 as zone B, 16 as zone C, and 18 as zone D. Statistical 
means and standard deviation were calculated for all processed yield data points within 
each of the 84 management areas containing yield data. 
Statistical mean yields of zone A areas ranged from 82.2 bu/ac to 164.4 bu/ac and 
standard deviations were between 5.7 bu/ac to 42.7 bu/ac (Fig. 37). Zone B areas 
statistical mean yields varied between 73.6 bu/ac and 196.1 bu/ac with standard 
deviations ranging from 0.0 bu/ac to 46.0 bu/ac (Fig. 38). Management zone C areas had 
statistical mean yields that varied from 131.9 bu/ac to 252.3 bu/ac and standard 
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deviations from 0.0 to 55.4 bu/ac (Fig. 39). Statistical mean yields of zone D areas ranged 
between 129.1 bu/ac to 229.9 bu/ac and had standard deviations between 0.0 bu/ac and 
52.9 bu/ac (Fig. 40).  
 
Fig. 37.  Zone A individual areas mean grain yield and standard deviations of 2m spatial resolution of       
BR10 research site 
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Fig. 38.  Zone B individual areas mean grain yield and standard deviations of 2m spatial resolution of    
BR10 research site 
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Fig. 39.  Zone C individual areas mean grain yield and standard deviations of 2m spatial resolution of    
BR10 research site 
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Fig. 40.  Zone D individual areas mean grain yield and standard deviations of 2m spatial resolution of 
BR10 research site 
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The wide range of statistical means of the independent areas within each 
management zone was higher then expected. This could be attributed to the huge 
variation in sample size (n) of each of the independent areas. Some of the MZA 
delineated management zones had an area less than 0.1 acre which allowed for a limited 
number of yield data points for statistical analysis (Table 11).  
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Table 11.  BR10 site management zones individual areas yield data population  
at 2m spatial resolution. 
                    
  BR10 2m  
  Zone A Zone B Zone C Zone D   
  Zone ID n Zone ID n Zone ID n Zone ID n   
  7 2 6 10 14 7 17 18   
  9 8 8 1 16 37 23 90   
  25 10 11 1 19 3 24 3   
  26 10 12 1 22 19 31 3   
  73 1543 125 7 36 3 35 14   
  128 4 135 2 156 2 55 242   
  129 6 136 18 169 190 134 13   
  131 3 140 1 187 7 151 339   
  132 92 153 5 191 12 170 9   
  137 109 155 7 192 6 177 2   
  138 3 159 11 200 29 182 15   
  141 13 163 2 202 1 199 350   
  146 14 167 11 203 159 201 55   
  150 11 168 3778 213 247 205 1   
  152 60 173 48 223 154 206 9   
  162 23 179 5 224 6 218 198   
  165 215 180 67   221 10   
  175 1 184 35   230 5002   
  178 1 194 63       
  185 18 196 5       
  190 15 198 21       
  193 3 207 7       
  210 4 215 19       
  214 3776 225 462       
  220 2 227 1866       
                    
* n = yield data population size 
 
To avoid independent areas with low sample sizes having the same influence as 
areas with large sample sizes, each area was weighted by its sample size when calculating 
the overall mean yields of each management zone. Zone A of field BR10 had an overall 
weighted mean yield of 114.2 bu/ac and a standard deviation of 28.1 bu/ac. The weighted 
mean yield of zone B was 171.7 bu/ac and had a standard deviation of 30.7 bu/ac. The 
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weighted mean yield of Zone C was 189.6 bu/ac, with a standard deviation of 31.0 bu/ac. 
The weighted mean yield of zone D equaled 207.8 bu/ac and the standard deviation was 
31.5 (Fig. 41). Spatial distribution of delineated management zones is displayed in Fig. 
42. 
 
 Fig. 41. BR10 weighted mean grain yield and standard deviation by zone at a 2 m spatial resolution  
BR10 2m 
114.2
171.7 189.6
207.8
28.1
30.7
31.0
31.5
0
50
100
150
200
250
300
A B C D
Management Zones
G
ra
in
 Y
ie
ld
 (b
u 
/ a
c)
StdDev
Weighted Mean Yield
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 110
 
  Fig. 42.   BR10 site spatial distribution of management zones at a 2m spatial resolution 
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BR10 5m 
Pearson correlation coefficients determined that the most appropriate attributes at 
a 5 m spatial resolution to use for delineation of productivity zones were 0-0.3m ECa, 
SOM, and the red waveband from the bare soil imagery (Table 10). NCE and FPI 
performance indices selected four discrete zones as the optimal number of zones with 
minimal class sharing and disorganization (Fig. 43). 
 
Fig. 43.  BR10 site at 5m spatial resolution FPI & NCE performance indices 
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MZA identified 51 discrete areas at a 5 m spatial resolution within the BR10 field 
that were categorized into four management zones. Grain yield data within unrelated 
research areas were removed from analyses to avoid any bias. As a result, not all of the 
51 management areas contained data for examination. Only 32 of the 51 independent 
areas within the BR10 field contained yield data. Ten of those areas were classified as 
zone A, 8 as zone B, and 5 as zone C, and 9 as zone D. Mean grain yields and standard 
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deviation were calculated for all processed yield data points within each of the 32 
management areas. The mean grain yields for independent areas of zone A for the BR10 
at a 5 m spatial resolution ranged from 81.1 bu/ac to 167.6 bu/ac. Zone A areas standard 
deviations of yield varied between 0.0 bu/ac and 44.1 bu/ac (Fig. 44). The independent 
areas of Zone B yields ranged from 120.1 bu/ac to 182.2 bu/ac for the mean and had 
standard deviations between 5.5 bu/ac and 47.6 bu/ac (Fig. 45). Zone C areas mean grain 
yields ranged from 128.6 bu/ac to 206.0 bu/ac and standard deviations varied from 24.8 
bu/ac to 45.5 bu/ac (Fig. 46). The independent areas of Zone D yields ranged from 162.2 
bu/ac to 232.3 bu/ac for the mean yield and had standard deviations between 16.5 bu/ac 
and 41.3 bu/ac (Fig. 47).  
 
Fig. 44.  Zone A individual areas mean grain yield and standard deviations of 5m spatial           
resolution of BR10 research site 
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Fig. 45.  Zone B individual areas mean grain yield and standard deviations of 5m spatial resolution       
of BR10 research site 
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Fig. 46.  Zone C individual areas mean grain yield and standard deviations of 5m spatial resolution             
of BR10 research site 
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Fig. 47.  Zone D individual areas mean grain yield and standard deviations of 5m spatial resolution       
of BR10 research site 
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As was the case with the BR10 site at a 2 m spatial resolution, the wide range of 
statistical means and standard deviations of the independent areas within each 
management zone was high due to the considerable variation in sample sizes (n) of each 
of the areas. Several of the independent areas had areas smaller then 0.01 acre, thus 
limiting the number of yield data points for statistical analysis within each independent 
area (Table. 12).  
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Table 12.  BR10 site management zones individual areas yield data population at 5m                          
spatial resolution 
                    
  BR10 5m   
  Zone A Zone B Zone C Zone D   
  Zone ID n Zone ID n Zone ID n Zone ID n   
  18 1589 33 20 3 17 5 61   
  31 94 47 42 46 204 13 247   
  32 107 49 3930 56 74 38 332   
  35 6 50 8 57 224 43 176   
  39 7 52 32 67 140 44 137   
  40 51 59 5   54 7   
  41 1 68 1994   55 326   
  45 261 69 493   65 188   
  51 7     71 5050   
  58 3870         
                    
* n = yield data population size 
 
When calculating the statistics for each of the four management zones, weights 
were given to each of the independent areas to account for the differences in sample sizes 
of the areas. Zone A of field BR10 at a 5 m spatial resolution had an overall weighted 
mean yield of 146.3 bu/ac and a standard deviation of 29.9 bu/ac. The weighted mean 
yield of zone B was 163.3 bu/ac with a standard deviation of 32.8 bu/ac. Zone C 
weighted mean yield was 166.8 bu/ac with a standard deviation of 13.1 bu/ac (Fig. 48). 
The spatial distribution of each management zone is displayed in Fig. 49.  
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 Fig. 48.  BR10 mean grain yield and standard deviation by zone at a 5 m spatial resolution 
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Fig. 49.   BR10 site spatial distribution of management zones at a 5m spatial 
resolution
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BR10 10m 
Pearson correlation coefficients for the BR10 site at a 10 m spatial resolution 
determined the attributes 0-0.3m ECa, SOM, and the red waveband of the bare soil 
imagery were the most beneficial inputs for productivity zone delineation in MZA (Table 
10). Analysis of both NCE and FPI performance indices identified three discrete zones as 
the optimal number to minimize class disorganization and sharing among zones (Fig. 50). 
 
 Fig. 50.  BR10 site at 10m spatial resolution FPI & NCE performance indices 
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MZA classified 38 independent areas within the BR10 field that could be 
categorized into three distinct management zones. At the BR10 field site yield data within 
unrelated research areas were removed from analyses to avoid any bias. As a result, not 
all of the 38 management areas contained yield data for examination. Only 24 of the 38 
independent areas within the BR10 field contained yield data. Twelve areas were 
classified as zone A, 3 as zone B, and 9 as zone C. Mean grain yields and standard 
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deviation were calculated for all processed yield data points within each of the 24 
management areas containing yield data. 
Mean grain yields of zone A areas ranged from 98.3 bu/ac to 146.9 bu/ac and 
standard deviations were between 1.5 bu/ac to 46.0 bu/ac (Fig. 51). Zone B areas mean 
yields varied between 117.0 bu/ac and 190.2 bu/ac with standard deviations ranging from 
7.5 bu/ac to 44.6 bu/ac (Fig. 52). Management zone C areas had mean yields that varied 
from 112.8 bu/ac to 239.0 bu/ac and standard deviations from 8.5 to 44.2 bu/ac (Fig. 53).  
 
Fig. 51.  Zone A individual areas mean grain yield and standard deviations of 10m spatial         
resolution of BR10 research site 
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Fig. 52.  Zone B individual areas mean grain yield and standard deviations of 10m spatial              
resolution of BR10 research site 
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Fig. 53.  Zone C individual areas mean grain yield and standard deviations of 10m spatial           
resolution of BR10 research site  
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The wide range of mean grain yield of the independent areas within each 
management zone was higher than expected. This could be attributed to the huge 
variation in sample size (n) of each of the independent areas. Some of the MZA 
delineated management zones had an area less than 0.1 acre which allowed for a limited 
number of yield data points for statistical analysis (Table 13).  
 
Table 13.  BR10 site management zones individual areas yield data                                          
population 10m spatial resolution 
                
  BR10 10m   
  Zone A Zone B Zone C   
  Zone ID n Zone ID n Zone ID n   
  3 42 11 5 6 23   
  4 5 37 10 10 18   
  8 5 49 10910 12 42   
  32 105   17 5   
  33 11   35 36   
  34 5   38 1   
  36 69   41 38   
  39 13   46 1383   
  40 257   48 466   
  43 4       
  44 2       
  45 6301       
                
* n = yield data population size 
 
 
To avoid independent areas with low sample sizes having the same influence as 
areas with large sample sizes, each area was weighted by its sample size when calculating 
the overall mean grain yields of each management zone. Zone A of field BR10 had an 
overall weighted mean yield of 119.9 bu/ac and a standard deviation of 17.6 bu/ac. The 
weighted mean yield of zone B was 191.4 bu/ac and had a standard deviation of 41.0 
bu/ac. The weighted mean yield of Zone C was 198.5 bu/ac, with a standard deviation of 
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42.3 bu/ac (Fig. 54). Spatial distribution of delineated management zones is displayed in 
Fig. 55. 
 
Fig. 54. BR10 weighted mean grain yield and standard deviation by zone at a 10 m spatial resolution 
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  Fig. 55.   BR10 site spatial distribution of management zones at a 10m spatial resolution 
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BR10 30m 
Pearson correlation coefficients for the BR10 site at a 30 m spatial resolution 
determined the attributes 0-0.3m ECa, SOM, and the NIR waveband of the bare soil 
imagery were the most beneficial inputs for productivity zone delineation in MZA (Table 
10). The red waveband dataset was used for zone delineation in MZA even though the 
NIR waveband had a higher Pearson correlation coefficient. Differences in Pearson 
correlation coefficients of the two wavebands were minute (-0.729 & -0.716 
respectively), using the red waveband facilitated improved comparisons among spatial 
resolutions. Input into MZA Analysis of both NCE and FPI performance indices 
identified three discrete zones as the optimal number to minimize class disorganization 
and sharing among zones (Fig. 56). 
 
 Fig. 56.  BR10 site at 30m spatial resolution FPI & NCE performance indices 
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 MZA classified 15 independent areas within the BR10 field that could be 
categorized into three distinct management zones. At the BR10 field site yield data within 
unrelated research areas were removed from analyses to avoid any bias. As a result, not 
all of the 15 management areas contained yield data for examination. Only 11 of the 15 
independent areas within the BR10 field contained yield data. Two areas were classified 
as zone A, 4 as zone B, and 5 as zone C. Mean grain yields and standard deviation were 
calculated for all processed yield data points within each of the 11 management areas 
containing yield data. 
Mean grain yields of zone A areas ranged from 116.4 bu/ac to 158.1 bu/ac and 
standard deviations were between 46.8 bu/ac to 54.4 bu/ac (Fig. 57). Zone B areas mean 
yields varied between 67.6 bu/ac and 186.5 bu/ac with standard deviations ranging from 
16.5 bu/ac to 46.2 bu/ac (Fig. 58). Management zone C areas had mean yields that varied 
from 160.7 bu/ac to 201.0 bu/ac and standard deviations from 33.2 to 50.2 bu/ac (Fig. 
59).  
Fig. 57.  Zone A individual areas mean grain yield and standard deviations of 30m spatial                       
resolution of BR10 research site 
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 Fig. 58.  Zone B individual areas mean grain yield and standard deviations of 30m spatial            
resolution of BR10 research site 
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Fig. 59.  Zone C individual areas mean grain yield and standard deviations of 30m spatial          
resolution of BR10 research site 
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The wide range of means of the independent areas within each management zone 
was higher then expected. This could be attributed to the huge variation in sample size (n) 
of each of the independent areas (Table. 14).  
 
Table 14.  BR10 site management zones individual areas yield data population                                  
30m spatial resolution 
                
  BR10 30m   
  Zone A Zone B Zone C   
  Zone ID n Zone ID n Zone ID n   
  12 251 2 2 1 13   
  14 5899 3 19 11 180   
    5 6 13 269   
    18 10852 15 1542   
      17 611   
                
* n = yield data population size 
 
To avoid independent areas with low sample sizes having the same influence as 
areas with large sample sizes, each area was weighted by its sample size when calculating 
the overall mean grain yield of each management zone. Zone A of field BR10 had an 
overall weighted mean yield of 118.3 bu/ac and a standard deviation of 29.3 bu/ac. The 
weighted mean yield of zone B was 187.5 bu/ac and had a standard deviation of 47.2 
bu/ac. The weighted mean yield of Zone C was 196.9 bu/ac, with a standard deviation of 
13.4 bu/ac (Fig. 60). Spatial distribution of delineated management zones is displayed in 
Fig. 61. 
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 Fig. 60. BR10 weighted mean grain yield and standard deviation by zone at a 30 m spatial resolution 
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  Fig. 61.   BR10 site spatial distribution of management zones at a 30m spatial resolution 
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DISCUSSION 
Acquiring geo-referenced data has become an increasingly common practice of 
commercial farming operations. As the accessibility of commercially available variable 
rate controllers with integrated RTK GPS has increased, so has the need for an efficient 
process for managing variability within a commercial cornfield. Grain yield is influenced 
by such a variety of soil physical properties, soil chemical properties, topographic 
properties, and in-season climatic trends that identifying a single process for 
characterizing field variability is neither streamlined nor simple. Although grain yield is 
dependent on a combination of soil and topographic properties within each field, certain 
attributes are more dominant components then others. The difficulty in identifying grain 
yield variability is identifying the dominant properties for a field. Pearson correlation 
coefficients identified 0-0.3m ECa, ESAP-95 version 2.01R derived SOM, and the Red 
waveband as the most appropriate attributes for delineation of productivity potential 
zones at each spatial resolution. It is not unlikely that on a different field, the attributes 
determined by Pearson correlation coefficients would potentially change at different 
spatial resolutions. Fields in which landscape attributes are the dominant factor in 
production potential would be particularly susceptible to loss of accuracy at coarse spatial 
resolutions.  
A major consideration of sampling density is determined by the relationship 
between spatial resolution and cost. Although cost will vary depending on the mode of 
data collection, a management strategy’s final spatial resolution is determined by the 
coarsest dataset collected. Although the most appropriate spatial resolution used for 
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delineation of management zones will likely vary depending on the density of sample 
collection and the spatial scale that the data was processed on, it is logical that a fine-
scale spatial resolution will be the most effective for identifying field variability. 
Compounding the issue of spatial resolution is that individual soil properties can require 
separate sampling densities to adequately identify variance in the field.      
 Another factor in determining the appropriate spatial resolution for management 
is the producer’s equipment and the width of control for variable application of inputs. 
The scale of spatial resolution need only be as fine as can be managed by the producer. 
This would remove individual areas in the field that would be too small to economically 
manage inputs variably within a commercial cornfield. 
For each attribute dataset, all data points were averaged within the corresponding 
fishnet cell. Because the attribute datasets remained constant for all of the spatial 
resolutions there is the potential for artificially increased spatial accuracy at the coarse 
spatial resolutions. Attribute data points including soil ECa, elevation, profile curvature, 
and SOM were collected every ~ 4.5 m. Each parallel swath through the field had a 
spacing of ~ 9 m apart. It would not be economically practical for a producer to sample at 
that fine a spatial resolution when determining management for 10 m or 30 m zones.  
Zone determination on the 2 m and 5 m spatial resolutions provided four classes 
of productivity potential while the 10 m and 30 m resolutions generated only three 
classes. MZA was able to separate the low productivity potential areas (zone A) of the 
BR10 site at all four spatial resolutions. The two finer-scale spatial resolutions were able 
to separate what was zone B of the 10 m and 30 m resolutions into two discrete zones 
(zone B & zone C). Within zone standard deviations were generally lower for the finer-
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scale spatial resolutions and provided a more stratified representation of statistical mean 
yield between zones.  
   
CONCLUSIONS 
 The spatial resolution used for delineation of management zones will be 
determined by three factors; the sampling density of attribute datasets, limitations of a 
producer’s variable rate applicator, and economic constraints of data collection. 
Increasing spatial resolution correlates with improved accuracy and precision of 
management zone delineation. For this project, the 10 m and 30 m spatial resolutions 
were unable to separate a portion of the variability in productivity potential by only 
delineating three zones. The BR10 research site would benefit from implementation of 
variable rate management practices. It would be possible for increased productivity on 
low yielding areas of the field through additional in-season application of fertilizer or 
increased frequency of irrigation events, depending on the limiting factors of grain yield 
in these areas. Alternatively, inputs could be reduced in areas with low production 
potential. Reducing plant population of low productivity zone would allow the producer 
to increase profitability by reducing input costs for areas of the field that will not produce 
equally with other more productive zones. The 2 m and 5 m spatial resolutions were able 
to separate the grain yield into four zones, each zone’s weighted mean grain yield was 
separated by a minimum of 10 bu/ac. The 10 m and 30 m spatial resolutions were only 
able to separate three zones and at both spatial resolutions zone B and zone C had a mean 
weighted grain yield separated by approximately 8 bu/ac. Standard deviations of the 
productivity zone’s weighted mean grain yield increased as the spatial resolution 
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increased. The BR10 research site appears to require a spatial resolution of management 
zone delineation less then 10 m to adequately map the variability in productivity 
potential. 
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